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PREFACE OF THE FIRST EDITION 

T hebe are certain processes and materials that are common to all 
metallurgical operations: the use of refractories, of fuels, general 
methods of concentration, of filtration, etc. It has been my attempt to 
pick out these metallurgical common factors and to give each of them 
treatment in a separate chapter, following these chapters with others 
describing the metallurgy of each metal; or, in some cases, two or more 
metals, when there is no basic difference in their metallurgy, are treated 
in one chapter. 

The scheme of treatment in the various chapters is not uniform — ^it 
intentionally is not so. In general the attempt is made to treat at great- 
est length those metals of prime commercial importance, but this plan 
is departed from if it is felt that existing literature on a certain metal is 
not readily accessible to the ordinary metallurgical en^neer. While 
with copper, lead and similar metals, the subject matter of the chapter 
is the extraction of the metal from the ore, in the case of such metals 
as magnesium and aluminum, where it is extremely unlikely that the 
average engineer will ever be called upon to design a reduction works, 
or to work in any plant except one with an established metallurgy, much 
of the space is given to the useful alloys of the metal and how to work 
with them. In some cases analytical methods are given when it is felt 
that existing literature is deficient. 

There is much that is elementary. The book is deigned for the 
student as well as for the engineer and consultant, yet it is hoped that 
there is enough advanced material to make the book useful to the metal- 
lurgist of experience, particularly if he is confronted with problems some- 
what outside his own specialty. There is no attempt to give extenave 
tables of basic data — ^for these the seeker is referred to International 
Critical Tables, the tables of the International Congress of Applied 
Chemistry, or to Landolt, or to the editor’s “ Metallurgists’ and Chemists’ 
Handbook.” 

To the contributors is due more than their signed work indicates, as 
there has been much cooperative correction and criticism. I must, 
however, acknowledge special indebtedness to Percy E. Barbour, who 
took over all work on the book during my various absences from the 
United States during the period of its preparation, and also to H. A. 
Megraw and Dr. Colin G. l^k, who have given lil^rally of thar time, 
and to Thomas A. Wright, of Lucius Pitkin & Co., for his hints r^ard- 
ing rare-metal recovery. LinDEiJ. ' 
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NONFERROUS METALLURGY 

RECOVERY OF THE METALS 

CHAPTER I 

METALLURGY OF ALUMINUM AND ALUMINUM ALLOYS 

By Robert J. Anderson,^ B. Sc. Met. E., D. Sc. 

Introductory. — Aluminum is one of the lightest of the metals that are used in large 
quantities, having a specific gravity of 2.70 ± ; once obtained as pig by modern reduc- 
tion processes, it can be cast, worked, alloyed, and fabricated with moderate ease; 
metallurgi(;ally, it is one of the most interesting metals, but not one-tenth so much 
scientific investigation has been given to it as to iron. The merits of aluminum and 
aluminum alloys have been forced upon the engineering trades against a not incon- 
siderable opposition, and their worth as engineering materials has been proved beyond 
any doubt. Aluminum has established a place for itself among the nonferrous metals 
because of its intrinsic worth and, particularly, through its applicability to aircraft 
construction. Although aluminum is one of the most abundant metals of the earth’s 
crust, it is at the same time one of the newest metals that have attained commercial 
importance. 

Historical Survey. — Aluminum, as a metal, cannot lay claim to great antiquity, as 
contrasted with iron, copper, and the copper alloys, and it was a rare metal as late 
as 1850. Civilization is indebted to H. Sainte-Claire Deville for the pioneer work on 
reduction processes for the manufacture of metallic aluminum, but other investigators 
had carried out work prior to the eminent French chemist. Aluminum was first 
isolated by Oersted in 1825, who reduced aluminum chloride with potassium 
amalgam. The discovery of the metal has often been credited to Wfihler, who in 
1827 reduced the chloride with potassium. Up to 1845, Wohler had been able to 
produce only small amounts of aluminum, but still the amounts were sufficient to 
determine most of its properties. The attempts of early investigators to produce 
aluminum are described at length in some of the older texts (cf . Richards(2], Minet(3}, 
et al.)^ 

To H. Sainte-Claire Deville belongs the honor of haying isolated aluminum in 
fairly large amounts in 1854. Deville first made aluminum by the reduction of 
aluminum chloride with potassium, and later improved the process, substituting the 

^ This chapter has been revised by the editor, 1944. 

< Throughout this chapter reference numbers apply to the appmided Uldioiraphy, eiaeept in tlie SM 
of obvious footnotes. 
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cheaper sodium for potassium. Deville also perfected processes for the manufacture 
of sodium, which greatly reduced the price of both sodium and aluminum. The 
Deville processes, however, were all expensive and not adapted to the cheap produc- 
tion of aluminum in large tonnages. Aluminum was made in small amounts in France 
and England by the Dcville-Castner sodium-reduction method until the invention of 
the Hall"H6roult process in 1886-1887, which drove all other processes from the field. 
In 1886, the Cowles process[12] calling for the reduction of alumina by carbon in the 
presence of a metal copper) in the electric furnace, was patented and used com- 
mercially. This was the first successful thermal process, but it yielded aluminum 
alloys and not aluminum. 

In 1886, Hall in America and H^roiilt in Europe found independently that al Amina 
dissolved in a liquid bath of aluminum fluoride and the fluoride of another jmetal 
yielded an electrolyte that would be decomposed by the electric current accordlpg to 

AI 2 O 3 * 2A1 + 30 

The effect of the Hall-HAroult electrometallurgical method on the price of aluminum 
was felt soon after 1886, and all other processes were driven from the field by 1^2. 
In 1855, the price of aluminum was $113 per pound, in 1890 it was $2.38, in 1900 it 
was 23 cents, and in 1920 the lowest price, 163^ cents, was reached, until the present 
war. In the interim from 1920 to 1939, the price varied from 20 to 33 cents. 

Many workers have been associated with the rise of the aluminum industry. In 
addition to those mentioned above may be mentioned the names of Davy, Bun- 
sen, the Tissier brothers, Webster, Gratzel, Kleiner, Moissan, Ruff, Giiilini, Askenasy, 
Bradley, Winteler, Serpek, Doremus, Krause, Grabau, Frishmuth, Netto, Welden, 
and Richards. 

Producers and Ou^ut. — The aluminum industry of the world has grown by leaps 
and bounds since the metal became relatively cheap commercially. In tonnage, 
aluminum now stands second among the nonferrous metals, and it is exceeded only 
by copper. The optimistic forecast that Dr. J. W. Richards made in the early years 
of this century, that the production of aluminum would overtake that of lead by 
1930 and zinc by 1940, was not fulfilled, but it is interesting to note that in 1943 
with a production of 1,840,358,000 lb. in the United States it passed both of these 
nonferrous metals. 

Aluminum Ores and Bauxite Mining. — Aluminum is the most abundant of the 
commercial metals and is third in abundance of the elements in the earth *8 crust, 
following oxygen and silicon. Aluminum is nearly twice as abundant as iron, and 
constitutes about 7.85 per cent of the earth's crust (Clarke). Aluminum is an essen- 
tial constituent of all important rocks, except the sandstones and limestones, but even 
in these its compounds are common impurities. Aluminum never occurs native, and, 
except for its fluorides, it invariably occurs as oxidized compounds. Thus, it is found 
mainly in the silicates, such as the clays, micas, and feldspars; as the oxide, corundum; 
as the hydroxide, bauxite; as the fluoride, in cryolite; and also in various phosphates 
and sulphates. Although aluminum minerals occur widely, few of these can be 
employed as ores in the manufacture of aluminum. Bauxite is the base ore for alumi- 
num reduction and bears the same relation to aluminum that hematite does to iron. 
Cryolite, cither natural or artificial, is the basis of the reduction-cell bath. The 
utilization of other materials will be discussed later in this chapter. 

Bauxite and ReUUed Minerals * — Theoretical bauxite has been given the formula 
AI 2 OS. 2 H 2 O, but the usual ore has a chemical composition midway between diaspore, 
AlaOa.H^O, and gibbsitc, AljOa.SHjO; sometimes it is near the one and sometimes near 
the other. Bauxite is an earthy mineral and never crystallized; it occurs in a variety 
of forms, but usually has a pisolitic or o^tic structure, with rounded concretionary 
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grains embedded in a claylike mass. The color ranges from light cream through 
various shades of brown to a deep brownish red, depending on the iron content. 
Bauxite takes its name from the village of Les Baux, near Arles in FrancCj where it 
was first found by Berthier. The following physical properties of bauxite may be 
noted as an aid to identifying the mineral: hardness, 1 to 3 (Mohs’ scale); specific 
gravity, 2.55; melting point — on heating it changes to AI 2 OS, which, when pure, melts 
at 1880 to 2050®C.; index of refraction, 1.57; color, white, cream, yellow, brown, gray, 



Fio. 1. — Microstructure of bauxite pisolite with oolitic matrix; Xll. (Shearer,) 

or red ; streak, variable ; luster, dull to earthy ; cleavage, irregular fracture ; transparency 
opaque; tenacity, crumbly. Diaspore and gibbsite are associated with bauxite and 
found under the same conditions. Laterite is an aluminous ore, which is essentially 
a mixture of iron hydrate, aluminum hydrate, and silica in varying proportions. The 
Indian aluminum ores are laterites. Figure 1 shows the microstructure of a hard, 
high-grade, pisolitic bauxite from Georgia. 



Fia. 2. — Typical bauxite deposit. (Hayee,) 


Various theories have been advanced by geologists to account for the deposition 
of bauxite in the earth’s crust. Bauxite occurs under a variety of conditions that 
suggest dissimilarity of origin, and no one theory appears to account for aU cases. 
Figure 2 shows a section of a typical baujdte deposit. The theory of depoMtion has 
been discussed by HayesllS] among others. 

Commercial Bauxitea. — ^Bauxite occurs at a number of places in world, biit 
high^^grade deposits are not numerous, and it appears that known bauxite reserves 



4 


NONFERROUS METALLURGY 


have a lower ratio to annual use than have the ores of any other common metal. 
Commercial bauxite ore is a hydrated oxide of aluminum, or a mixture composed of 
at least two and probably three hydrates, mixed with various impurities, chiefly iron 
oxide, silica, clay, and titania. Other impurities present are calcium oxide, magnesia, 
potassium oxide, and sodium oxide, in subordinate amount. The water content, both 
mechanical and combined, is variable over a wide range. Table 1 gives the chemical 
composition of some bauxites from various sources, which will serve to indicate the 
range of a variety of deposits. The color of bauxites varies considerably depending 
upon the iron-oxide content, being whitish when silica is predominant and red when 


Table 1. — Analyses of Some Bauxites from Various Sources^ 


Chemical compoaition» constituents per cent 


Source 

SiOs 

TiOj 

AltO, 

PesOa 

Loss on 
ignition 

Other constituents 

1 

mal 

United States: 








Arkansas* 

10.0 

4.0 

52.0 

4.0 

30.0 


100.00 

Arkansas* 

4.0 

4.0 

53.0 

10.0 

29.0 


100.00 

Alabama* 

2.10 

3.12 

61.0 

2,20 

31.58 


100.00 

Alabama 

21.08 

2.52 

48.92 

2.19 

23.86 

PsOs, trace 

98.67 

Georgia 

6.62 

1.05 

64.91 

0.28 

33.53 


100.39 

Georgia ........... 

6.08 

3.44 

67.28 

0.96 

29.12 


90.88 

Austria: 







Sonnthal 

6.32 

0.91 

64.05 

16.93 

13.28 


100.49 

Feistriti 

13.60 


57.25 

0.97 

24.38 

CaO, 1.80; P»0», 1.40 

09.40 

Croatia: 








Rudopolje 

6.30 


66.02 

14.82 

12,70 


09.84 

Qrgienbrieg 

10.29 


50.61 

26.89 ' 

11.29 


99.08 

Dalmatia: 








Mos^c 

0.87 


69,27 

24.36 

15.93 


100.43 

Ilvar 

30.47 


29.05 

16.24 

17.14 

CaO, 6.79; MgO, trace 

99.69 

fVance: 








Var 

0.30 

3.40 

69.30 

12.90 

14.10 


100.00 

Bouohes-du-Rhdne . 

4.80 

3.20 

55.40 

24.80 

11.60 


100.00 

Germany: 








Garbenteich 

1.10 

3.20 

50.92 

15.70 

28.60 

CaO, 0.80; MgO, 0.16 

100.68 

Fimewald 

4.92 

2.80 

63.10 

10.62 

27.80 

CaO, 2.62; MgO, trace 

99.86 

Hungary: 








Bih6rhegys6g 

6,69 

3,10 

58.70 

19.23 

11.80 

CaO, 0.80 

100.32 

Kirilyerdo 

1,62 

1.15 

60.83 

25,82 

11.31 


100.73 

Ireland 







Antrim 

6.01 


61.89 

1.96 

27.82 


97.98 

Antrim 

16.05 


43.44 

2,11 

36.70 


96.30 









« Approximate composition. 

1 From different published analyses. 


iron oxide is present in important amount. In a general way, the range of composition 
of bauxites is as follows: alumina, 55 to 65; silica, 5 to 30; ferric oxide, 1 to 25; and 
loss on ignition, 12 to 40 per cent. About 3 per cent of titania is associated with these 
oxides, and this is characteristic. Bauxites may be roughly classified, on the basis 
of their impurities, as follows: (1) high in iron and low in silica (red varieties) ; (2) low 
in iron and high in silica (white and gray); and (3) iron and silica contents about the 
same, either high or low. Bauxite is graded according to chemical composition and 
sold to the consuming industries on the basis of chemical analysis. The grading and 
^ marketing of bauxite have been discussed by Hill[31] and Ladoot44]. 
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Bauxites are used for abrasives, for chemical and refractory manufacture, and for 
the preparation of high-alumina cements, as well as for aluminum reduction; the 
grade of ore required is variable, depending upon the use. For different uses, the 
grades of bauxite desired in American practice are as follows: 

For aluminum manufacture: alumina, AljOj, more than 52 per cent; silica, SiOs, 
less than 4.5 per cent; and ferric oxide, FeaOi, less than 6.5 per cent, (At the present 
time, bauxite, carrying less than 50 per cent AlgO# and up to 15 per cent SiOa, is being 
used.) High-grade bauxites for aluminum manufacture sometimes contain 58 to 65 
per cent AI 2 O 8 , as little as 1 per cent Fe20*, and 3 to 5 per cent SiO*. 

For chemical purposes (alum and aluminum sulphate preparation): alumina, 
AI 2 O 8 , more than 52 per cent; low ferric oxide and titania are preferable, c.jf., less 
than 3 per cent of each, but for some uses less pure ores are employed; requirements on 
silica are not set, but bauxites containing up to 19 per cent SiOj are used. It is defi- 
nitely required that the alumina shall go readily into solution in dilute sulphuric 
acid. 

For abrasives: various grades of bauxite are employed, but those low in iron and 
titanium are preferred. Generally, the requirements are: less than 5 per cent Si02, 
preferably 3 per cent; 2^ to 4 per cent TiOa; and 3 to 5 per cent Fe208. 

For refractories: the principal requirement is low iron and titanium contents, but 
the silica may be fairly high. So-called high-alumina clays, containing 48 to 52 per 
cent AI 2 O 8 , and high-grade diaspore, containing up to 80 per cent AUOg, are now used 
in the refractory industry. 

Cryolite . — Cryolite is an aluminum mineral of the composition Na8AlFe 
(or 3NaF.AlF8), required in the production of aluminum, being the chief constitu- 
ent of the electrolytic bath and used to dissolve the alumina. The actual composition 
of pure cryolite is 32.8 per cent sodium, 12.8 per cent aluminum, and 54.4 per cent 
fluorine. The only commercial source of cryolite is the deposit at Ivigtut, Araukfiord, 
South Greenland, owned by the Kryolith Mine & Handelsselskabet, A/S, of Copen- 
hagen, Denmark. The high price of cryolite has led to the production of artificial 
cryolite, and this is now used generally in aluminum manufacture. Methods of 
preparation for artificial cryolite are described by Pattison[4], MortimerlS], and 
others. In the Howard process, * the artificial product is prepared by the interaction 
of aluminum fluoride and sodium nitrate in the presence of ammonium fluoride, 
according to 

AI 2 F 2 + 6 NH 4 F + ANaNOs « Al 2 F 4 . 6 NaF + 6 NH 4 NO 8 

In the Hulin process, pure hydrated alumina is treated with hydrofluoric acid, and the 
resulting product is saturated with sodium dioxide, giving artificial cryolite, Doremus 
also leached aluminous material with hydrofluoric acid. 

Other Aluminum Minerals. — A few other aluminum minerals may be men- 
tioned. Alunite, K 2 O. 3 Al 2 O 8 . 4 SOs. 6 H 2 O, is a hydrous sulphate of aluminum 
and potassium, found in many places, and worked at Tolfa, Italy, and in Utah and 
Colorado, Alunite has been studied considerably as a source of both alumina and 
potash. Corundum is the sesquioxide of aluminum (A1808). It does not occur 
in sufficiently large deposits to make it an ore, but it was formerly used in the Cowles 
process for manufacturing aluminum alloys. The feldspars are an important group 
of rock-forming minerals containing aluminum, and some experimental work is being 
done on them as sources of alumina. The feldspars vary widely in composition and 
include such minerals as orthoclase, KAISI 8 O 4 , and anorthite, CaAliBijOi, liabra* 
dorite, a feldspar, found in large quantiti^ in Norway, has been used experimentally 
as a source of alumina for aluminum manufacture. Leucite, potassium-alummum 

A U. fl. ipfktento, 1611660 And 1611661, Oct. 14. 1024. 
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metaBiHoate, KAl(SiO»} 2 , hm been employed as a source ol both alumina and potash. 
The well-known china clay, kaolinite, is a basic orthosilicate of aluminum, corre- 
sponding to H 4 Al 2 Si 302 , and is one of the most important minerals of aluminum. 
The mineral kaolin is known variously as white china clay, pure white clay, and 
fuller’s earth. The great purity of high-grade kaolin and the large available deposits 
stamp it as the logical ore for the manufacture of aluminum, but it cannot be now 
employed because of the cost of separating the alumina from the silica. Common 
clays are simply very impure kaolins. Sillimanite, cyanite, and andalusite are three 
aluminum minerals of great importance to the ceramic industry because of their 
conversion on firing to a compound known as mullite or artificial sillimanite, which’ 
latter possesses very useful properties. The formula for sillimanite, cyanite, and 
andalusite is Al20s.Si02. There are many other aluminum-bearing minerals, including^ 
some of our prized gems. 1 

Bauxite Mining and Preparation. — Bauxite is mined ordinarily by open-pit\ 
methods, since the producing bodies are near the surface. Ladoo[44] has discussed \ 
the mining operations of the American Bauxite Co., in Arkansas, which are typical ; 
of large-scale production. The ore bed at Bauxite, Saline County, runs about 11 ft. 
thick, and the overburden is 25 to 140 ft. thick. In mining, the overburden is first 
stripped off by steam shovel, and the stripped surface is then cleaned and swept. 
The ore is loosely consolidated, but it is usually too hard to be mined without blasting. 
Low-strength dynamite is used for blasting. The loosened ore is loaded by steam 
shovel on cars. In the Georgia-Alabama-Tennessee district, the ore occurs in len- 
ticular and irregular deposits which do not lend themselves to steam-shovel operation, 
and all mining is done by hand. 

It should be pointed out that the concentration or beneficiation of loosely consoli- 
dated bauxite mixed with clay has been tried at a few mines in the United States, 
using log washers, but this practice is now rare here. In Germany, ores from many 
small concessions in Hesse were washed at a central washing plant. Kecently, con- 
siderable interest has been displayed in the possibility of beneficiation of low-grade 
bauxites and bauxitic clays because of the dwindling of high-grade bauxite. Everhart 
has shown that clay can be separated from bauxite by washing in the presence of small 
amounts of added peptizers, c.p., sodium hydroxide and the more strongly adsorbed 
sodium salts. 

Bauxite, when mined, may be given preliminary treatment on the ground, depend- 
ing on the nature of the ore. The bauxites found in the United States ordinarily 
contain 15 to 33 per cent combined water, together with a varying amount of mechan- 
ically held moisture, and, since the ores must ordinarily be shipped long distances, 
it is usual to dry the ore at the mines so as to save freight and to facilitate fine grinding 
for later use. For the preparation of alumina to be used in the manufacture of 
aluminum, bauxite is ordinarily crushed and dried at the mine, but not ground 
finely. In crushing, the crude ore is run through gyratory or other types of rock 
breaJeers and crushed to small nut size. Gyratory breakers are generally used for 
hard ores and disintegrators for soft ores. It is desirable to calcine most bauxites 
in order to remove organic matter which would interfere with the precipitation of 
^uminum hydroxide in the preparation of alumina, to oxidize ferrous oxide to ferric 
oxide, and to remove water which may be present in sufficient amount to form a 
pasty mass and clog the screens in fine grinding. For calcination, the ore may 
heated at about 600®C. in cylindrical rotary kilns of the type shown in Fig. 3. By 
such treatment, the moisture content is reduced to to 1 per cent. Kilns for cal- 
cination are 3 to 7 ft. in diameter and 30 to 100 ft. long. 

The Bureau of Mines[78] has carried out some experiments on the flotation of 
baimte. In Its work it was found profitable to use either gravity or magnetic con- 
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centration lor the removal of iroa and titanium minerals, followed by flotation for the 
recovery of hydrated aluminum oxides and the rejection of the silica. To obtain a 
satisfactory separation between the hydrated aluminum oxides and the kaolinite, 
it is necessary to avoid floccules of finely divided bauxite and clay. Sodium hydroxide 
is the preferred dispersant. A pulp of 10 to 15 per cent solids gave the most satis- 
factory results. The most effective collectors for the hydrated aluminum oxides are 
oleic acid and fish-liver-oil fatty acid. The fatty resinous by-products of the paper- 
mill waste liquor are also fairly effective collectors, but they are more pronounced 
frothers. It would appear that if the bauxite were not crystaline in character there 
would be a heavy reagent loss, but the paper referred to does not touch on this phase 
of the process. 



Fio. 3, — Rotary calcining kilns. 


Production of Aluminum. — For the past fifty-five years, the production of metallic 
aluminum on a commercial scale has been carried out in two essential steps: (1) the 
preparation of alumina of high purity from bauxite, and (2) the electrolysis of the 
alumina in a liquid bath of cryolite plus other added salts. The reduction of alumina, 
AI2O3, to aluminum cannot be done by carbon smelting, as with iron, copper, lead, 
and other commercial metals. Or, more precisely, alumina can actually be reduced 
by carbon, but, at the temperature and conditions of such reduction, the aluminum so 
reduced either volatilizes, oxidizes, or interacts with carbon monoxide or dioxide, 
forming aluminum carbide or aluminiun oxide. Modem processes for aluminum 
reduction depend primarily On the preparation of substantially pure alumina, and 
this is the first step in the treatment of bauxite after calcination and grinding. 

As pointed out previously, crude bauxite contains var 3 dng amoimts of ferric 
oxide, silica, titania, and other impurities; these oxides must not be present in the 
alumina which is added to the electrolytic bath, otherwise the reduced metals, iron, 
silicon, etc., will appear in the resultant ahiminum. It should be emphasized that 
one of the chief difficulties in the metallurgy of aluminum lies in the fact that the 
metal, after being produced, caimot be readily refined, as can copp^ and others of the 
commercial metals, and the purity of the metal secured by electrolytic dissociation 
depends primarily upon the purity of the alumina and the electrolytic bath. Many 
patents have been issued which apparently cover every conceivable method for 
obtaining aluminum from aluminum-bearing minerals, but the only commercial proc^ 
ess is that one calling for the dectrolytic dissociation of alumina dissolved in a liquid 
bath of cryolite plus other added salts. ' Electrolytic methods for the dissociation of 
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aluminum compounds are not applicable in aqueous solution^ and fused elecl^lytes 
must be employed. For the electrolytic process, a primary requisite for commercial 
practice is a source of cheap electric current, since an enormous amount of current 
is required, and most of the aluminum-reduction plants in the world, except certain 
ones in Germany, consume electric energy derived from hydroelectric plants. For this 
reason, aluminum-reduction plants are normally situated within easy access of water- 
falls, and steam-raised electric power is rare as a source of current for economical 
aluminum production. 

Preparation of Alumina. — In the present Hall-H6roult process, the raw materials 
for the production of aluminum include substantially pure alumina, cryolite (plus 
calcium and aluminum fluorides for the bath), and carbon electrodes, and the first 
step in the manufacture of the metal consists in the purification of bauxite by chemical 
methods, whereby substantially pure alumina is produced. There are two main 
processes for the preparation of alumina, although many patents have been taken 
out for doing this in one way or another. These processes are (1) the Bayer procesf, 
and (2) the Deville-Pechiney process. The preparation of alumina has been dis- 
cussed at length in the literature [2, 4, 8, 11, 30]. \ 

The usual process employed for the preparation of alumina from bauxite is the' 
Bayer process, a wet chemical method. In this, the chemical principle involved is 
the formation of sodium aluminate by the treatment of bauxite with aqu(H)us sodium 
hydroxide and the subsequent precipitation of aluminum hydroxide from the sodium 
aluminate, followed by calcination of the aluminum hydroxide to alumina, A^Oj. 
In practice, calcined bauxite is first ground, c.fif., in a ball mill, to 100 mesh or finer, 
and this is next mixed with aqueous sodium hydroxide, specific gravity 1.45 (44.8°B6.), 
in a vessel fitted with stirrers. After intimate stirring, the mixture is then run into 
steam-jacketed autoclaves and digested for 2 to 8 hr. under 50 to 70 lb. pressure at 
150 to 160®C. The alumina of the bauxite is acted upon by the soditim hydroxide 
with the formation of sodium aluminate, according to 

AI 2 O, -h 2NaOH « 2NaA102 + H 2 O 

The impurities ferric oxide and titania are unaffected by the sodium h 5 ''droxide, as is 
the greater part of the silica. Part of the silica is dissolved and reacts with alumina 
and sodium oxide to form insoluble double aluminum sodium silicate. Dissolution 
of silica is prevented by adding lime to the bauxite during fine grinding, which forms 
insoluble calcium silicate and prevents loss of alumina. About 90 per cent of the 
alumina in the bauxite is dissolved by the digesting treatment. 

When the digesting treatment is completed, the liquor (including the residue of 
impurities) from the autoclaves is blown into large iron settling tanks of about 1600 
cu. ft. capacity and allowed to settle for 4 to 5 hr. so as to effect separation of the solid 
impurities. The settled residue contains ferric oxide, silica, titania, and other impuri- 
ties from the bauxite, as well as some alumina not dissolved, and is known as ^'red 
mud." This was formerly discarded, but some of it is now being reworked by the 
lime-soda sintering process, as a source of further alumina, and for titanium. The 
sodium aluminate liquor from the autoclaves is first diluted from specific gravity 
1.45 to 1.23 (26.9®B^.), and after settling in the tanks is run through filter press^ for 
removing suspended matter and into large precipitation tanks or decomposing vessels. 
Figure 4 shows a type of tank fitted with stirring apparatus used by European pro- 
duccrsl44] for precipitation of aluminum hydroxide. In precipitating aluminum 
hydroxide from the sodium-alurainate liquor, a small amount of freshly prepared 
aluminum hydroxide is added to the tank and the whole is stirred (the so-called 
^^seeding" operation); aluminum hydroxide is precipitated from the liquor over a 
|»^od of time running up to about 60 hr. About 70 per cent is precipitate in 36 hr., 
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and the jf^emainder precipitatea on further standing. The precipitated ahminitm 
hydroxide settles to the bottom of the tank, where it is drawn off and put through 
filter presses, yielding a product for calcination to alumina* Ihe sodium-hydro 3 ^e 
liquor from the tanks is evaporated in vacuum pans and concentrated to specific 
gravity 1.45 for re-use in the treatment of raw bauxite. 

After filter pressing, the partially dried aluminum hydroxide is calcined so as to 
drive off water and yield substantially pure alumina. This calcination is generally 
carried out in tubular rotary kilns, lined with firebrick, and similar to those used in 
calcining bauxite or burning cement. The 
kilns are run at 1000 to 1100°C. The result- 
ing alumina contains 98 to 99.5 per cent AljOs, 
and may contain up to 0.30 per cent mechani- 
cal water, 0.50 per cent combined water, 0.20 
per cent silica, 0.10 per cent ferric oxide, and 
other impurities in subordinate amounts. 

After calcination, the alumina is ready for use 
in the electrolytic-reduction cell. 

The Deville-Pechiney (or Le Ch^telier- 
Morin) process was formerly the principal 
process for the preparation of alumina, but this 
has been largely supplanted by the Bayer 
process. The former is still used, however, 
for the treatment of bauxites especially high 
in iron and forms the basis of the so-called Fig. 4, — Bayer precipitation tank, 

lime-soda sintering process for unpure ores. 

In the original process, ground bauxite, after calcination, is mixed with sodium 
carbonate, about 1 to 3 parts sodium carbonate and 1 part bauxite, and the 
mixture is roasted in a rotary or reverberatory furnace for 2 to 4 hr. at 1000 to 
1100°C. A small amount of powdered coal is sometimes added to the mix. The 
sodium carbonate combines with the alumina, carbon dioxide is evolved, and the 
impurities are unattacked. The roasting must be done with care to avoid melting 
of the mix, and the product of the roast is a grayish-brown substance, consisting 
of a mixture of sodium aluminate and the impurities. The reaction is 

AI 2 O, + NaaCOj « NaAlOa + CO 2 T 

After roasting, the mass is lixiviated with hot water, whereby the sodium alumi- 
nate is dissolved, while the silica, ferric oxide, and titania, being insoluble, are left as 
a residue. The liquor is settled for the removal of the solid impurities, as in the Bayer 
process, and is then passed through filter presses, for removal of any suspended matter, 
and then into tall precipitation tanks. For precipitation, carbon dioxide is blown into 
the liquor, and the reaction is 

2NaA102 + CO 2 + SHaO * 2Al(OH)» -f NaaCO, 

This precipitation requires 4 to 5 hr. and is carried out at 70®C. The precipitated 
aluminum hydroxide is filter pressed, dried, and calcined, as in the Bayer process, 
yielding alumina[76]. 

Some other processes have been devised and actually employed for the preparation 
of alumina, and will be discussed below. Certain other methods for obtaining a 
compound of aluminum (such as the fluoride, nitride, carbide, and chloride) fmm 
aluminum minerals have been worked out. A few of these possess potentialities,, 
but the majority of them have no discernible commercial possibiMties. While many 
processes have been devised for the preparation of alumina frpm clays and other 
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fairly high aluminous minerals, none of these had been commercial in the United 
States, under peacetime conditions, thotigh some had a limited use abroad. A few 
processes that have been employed commercially or have reached the semicommercial 
scale are discussed briefly below. 

Treatment of Low-grade Batudtea. — ^Partly owing to the dislocation of steamship 
communications and partly owing to an actual shortage of high-grade bauxite, a 
great deal of attention has been given in the last few years to the recovery of alumina 
from second-rate materials. Probably in the United States the largest amount of 
alumina recovered from low-grade materials has been by the so-called lime-soda- 
sinter process,’^ sometimes known as the ‘^Deville process.” In this process, the 
material is mixed with limestone and soda ash and calcined; the sintered mass is then 
leached with hot water for the extraction of the soluble alumina; the solutioi is 
treated in an autoclave at a temperature of 160°C. and 85 lb. pressure, under which 
condition the bulk of the silica forms insoluble sodium-aluminum silicate. After 
settling and filtering, the solution is treated with carbon dioxide for about 5 hr. «t 
70°C., to precipitate the alumina[72], \ 

A variation of this lime-soda-sinter process has been tried at the Monolith Portland 
Midwest Co. pilot plant at Laramie, Wyo. At this plant an anorthosite has been 
substituted for bauxite and treated by the lime-soda-sinter process. The results at 
the pilot plant were so encouraging that the WPB authorized the erection of a semi- 
commercial plant and indicated that the pilot plant would be used to test the lime- 
soda-sinter process on clays. 

Ammonium Sulphate Exchange Process.— In the beat known of these processes a 
mixture of pulverized clays and ammonium sulphate is treated at temperatures of 
373 to 400°(l in a rotary kiln, ammonia being evolved and ammonium aluminum 
sulphate being formed[71]. The reacted mass is then leached at 95 to 100®(1 with 
water slightly acidulated with sulphuric acid and the solution separated from the 
insoluble residue. The ammonium aluminum sulphate is recovered by crystallization 
and after being redissolvcd is treated with the ammonia and ammonium carbonate 
(the last resulting from the mixture of ammonia with the combustion gases of the 
initial treatment). 

Aluminum hydroxide is precipitated and filtered off, and the ammonium sulphate 
is recovered by crystallization for re-use with more clay or low-grade bauxite. The 
basic patents so far as the editor knows are the German patents of Hess (376717 and 
388996) and of Riedel (386614). 

The Buchner process is a variation of the ammonium sulphate process and is 
sometimes known as the Aloton process.” In this, clay is heated with acid ammon- 
ium sulphate at 200®C. In other particulars the process is the same as that of the 
preceding paragraphs. 

Another variation of the sulphate decomposition is the Peniakoff process in which 
clay or bauxite and sodium sulphate are heated together with a little coal at 1200 to 
1400 ^^ 0 . 

MiOi -f Na*S 04 + C « 2NaA102 + SO* + CO 

Sulphuric Add Process. — Practically all ammonium silicates can be decomposed 
with fair effidency by sulphuric acid at temperatures in the neighborhood of 200*0. 
and with acids of about 1.25 specific gravity. 

Sulphurous Add Leaching. — ^This reagent has been experimented with for many 
years, the earliest patent on the subject being E. Raymond’s U. 8. patent 650763, 
taken out in 1902, and the latest known to the author being Goldschmidt’s 2006851, 
taken out in 1935. The Goldschmidt process leaches with aqueous solutions of SOi 
und^ pressure at 60 to 80*C. Alumina and aluminum sulphite are precipitated on 
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release of pressure. The obiections reported to the author are a tendency of iron to 
form soluble bisulphites and then to precipitate just as does the alumina, so t hat the 
precipitated alumina must be purified, and also the fact that the sulphur dioxide 
oxidizes to sulphur trioxide, resulting in a loss of the reagent. 

Nitric Acid Process. — Nitric acid leaching has always been tried experimentally 
at temperatures in the neighborhood of 170®C. and 120 lb. pressure per square inch. 
The high cost of nitric acid and the loss of this reagent have prevented any commercial 
applications. 

Hydrochloric Add Leaching.-— The best known of the hydrochloric acid processes 
is probably that of Chemische Fabrik Griesheim[73]. This is essentially a process 
to treat high-silica bauxites. The alumina and iron dissolve in hydrochloric acid, 
the solution being reduced after this treatment with sulphureted hydrogen. The 
solution is evaporated and heated to 300°C., which hydrolyzes the aluminum chloride 
in its own water of crystallization. If this temperature is not exceeded, the ferrous 
chloride is in the main water-soluble. However, it is reported that even with the 
most careful work, the alumina requires a cleanup with chlorine to free it from the 
last of the iron. 

Dr. Arthur Hixson and Ralph Miller worked on a process for leaching roasted 
clay with concentrated hydrochloric acid[77], converting the aluminum and iron into 
soluble chlorides, but leaving the silica insoluble. The novelty in this process was 
the use of isopropyl ether to remove the ferric chloride from the solution. This could 
then be evaporated and the aluminum chloride hydrolyzed to give alumina and 
hydrochloric acid. The process required the circulation of one ton of isopropyl 
ether per ton of alumina recovered, and this was apparently the main reason for the 
National Academy of Sciences and the WPB refusing materials to give the process 
a trial. This need not be considered final proof that the process is unworkable. 

Hydrofluoric Acid Leaching. — The use of hydrofluoric acid for leaching clays and 
low-grade bauxites has also been experimented with fairly extensively. The patents 
of Dr. Charles A. Doremus (723251 and 725683) are the oldest known to the author. 
Apparently the recovery of alumina was high, but there were heavy losses of the 
expensive reagent as insoluble fluosilicates and as silicon tetrafluoride. 

Recovery from Alunite. — A number of processes have been used for the treatment 
of alunite, K2O.3Al2O8.4SO8.6H2O; these were well summarized by Robert J. Anderson 
in the Mining Magazine, December, 1936, page 340. At the present time, a plant has 
been constructed near Salt Lake City to use the Kalunite process. The crude ore is 
crushed and given a dehydrating roast at 550°C,, which renders it soluble in dilute 
sulphuric acid. The hot calcine is cooled to 200®C. and given a countercurrent 
agitation and leach in a solution of potassium sulphate and 10 per cent sulphuric acid. 
The countercurrent leach is operated to maintain an excess of roasted alunite in the 
first agitator so that the pregnant solution contains no free acid. This is an important 
step in eliminating impurities. The pregnant solution is filtered out and then cooled, 
normal potassium alum, K2S04.Al2(S04)i.24H20, crystallizing out. The alum 
crystals are washed, dissolved with dilute potassium sulphate solution, and treated in 
a continuous autoclave at a temperature of 200®C. The potassium alum is broken 
down into a basic alum, K2SO4.3Ai2O8.4SO2.9H2O, plus sulphuric acid and pptasrium 
sulphate. The acid and potassium sulphate are recycled for the original leach, and 
the basic alum is calcined at lOOO^C. to decompose it into alumina and potassium 
sulphate. The calcine is then leached with hot water to remove the soluble potassium 
sulphate, leaving behind the alumina. The leach solution is then evaporated to 
crystallize out potassium sulphate[69, 70]. 

The Moflat process is essentially the same except that the alum recovered in the 
process is broken down by a flae^ roast. ’ 
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In Italy both alunite and leuoite, K 20 .AU 09 . 4 Si 02 , have been used for the produo* 
tion of alumina and potash. The process used for the treatment of leucite is the 
Blanc process, which leaches with dilute sulphuric acid. It is reported that agitation 
cannot be used, as the silica gelatinizes when agitated and holds up much of the solu- 
tion. It is claimed that if the leaching is done by straight percolation without agi- 
tation little trouble results from the sUica. 

Japan has probably produced much of its alumina by the following four methods 
and the Suzuki process described under Fusion Processes, below. In the Asada 
process, alunite is calcined at 600°C. and is treated with sulphuric acid and potassium 
sulphate. After filtering and cooling most of the aluminum salts out as alum. The 
mother liquor goes back to the solution cycle, and the potassium alum is decomposed 
into basic aluminum sulphate and acid potassium sulphate. (See page 1 1, discussion 
of Kalunite process, for details of further treatment.) In the Okazawa process 
(Showa potassium process), alunite, crushed and calcined at fiOO^C., is treated wuh 
potassium hydroxide. Potassium alurainate and sulphate go into solution, silica 
remaining behind. (See page 11, discussion of Kalunite process, for treatment of the 
sulphates.) In the Sumitomo process, alunite is leached with sulphuric acid. On 
cooling, alum and aluminum sulphate salt out and are filtered off, redissolved, and 
treated with ammonia, giving alumina as a precipitate and potassium and ammonium 
sulphates in solution. In the Tanaka process, alunite is calcined at 600®C., crushed, 
pulped with water, and treated with about 8 per cent its weight of ammonia. Potas- 
sium and ammonium sulphates are left in solution and are recovered for fertilizer 
use. The washed residue is treated with caustic soda (Bayer process). This is 
apparently the process sometimes described as the Showa sodium process. 

Fusion Processes for Alumina Production. — Treatment of high-iron bauxite in the 
electric furnace has been practiced successfully on a commercial scale in Norway [71]. 
The Pederson process appears to be the one worked on by our own Bureau of Mines in 
a pilot plant to test the process. This should not be confused with the Pederson 
process that sinters clay with lime and subsequently leaches the melt with soda. This 
second Pederson process is of course a modification of the lime-soda-sinter process. 

The Bureau of Mines reports that the only practical method of making calcium 
aluminate from liigh-silica bauxite is by a two-stage treatment. In the first stage, 
the silica and iron oxide are reduced to ferrosilicon. The molten slag from this oper- 
ation, which contains 95 to 98 per cent alumina, is transferred to a second furnace 
where with the addition of lime monocalcium aluminate is produced. This compound 
is readily decx)mposed by sodium carbonate solution, producing a solution of sodium 
aluminate from which alumina can readily be recovered. 

The Haglund process is also understood to have been in successful use in Scandi- 
navia. In the original Haglund process, clay and pyrites were smelted, using a 
reducing agent to produce ferrosilicon and an aluminum sulphide slag, which was 
later hydrolyzed for the production of alumina. (Incidentally, this appears to be 
about the same as the old Halvorscn process.) 

The later Haglund process reduced only about one-fifth of the alumina to alumi- 
num sulphide. The mixture of aluminum sulphide and aluminum oxide gave a lower 
melting-point slag than that of the original process and also cut down the amount 
of ferrosiiiccm produced and marketed. In the newer process, as in the old, ferro- 
siiioon was produced and formed a heavy layer imder the slag. The slag was 
decomposed with water, and the sulphureted hydrogen that was generated was sold as 
such or was worked into sulphur for further use in the process. 

The Buztiki process reduced clay with coke for the production of ferrosilicon, and 
the residual alumina was cleaned with chlorine at 500 to fiOO^’C. A long discussion of 
this matter of purifying ferruginous alumina and bauxite was prepared by Dr. Colin Q. 
Fink and V. S. de Marchi and published by the Electro-Chemical Society in its 1988 
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transactions, page 511. E. C. Eckel experimented at Mussel Shoals as early as 1934 
on the treatment of low>grade bauxites carr5dng 30 per cent silica and 30 per cent 
iron sesquioxide[74]. From such a bauxite he produced ferrosilioon with a slag 
that carried less than 2 per cent silica and 1 per cent iron. 

The Berger and Kuhne process smelted kaolin, clay, or bauxite with iron pyrites, 
magnesium chloride, and iron filings, aluminum chloride being distilled and con- 
densed. The Miguet process fused clay, lime, and scrap iron with a reducing agent 
to produce ferrosilicon and calcium aluminate, but apparently these processes could 
not produce alumina in competition with the natural bauxite (see U,8, Bureau of 
Mines Report of Investigaiions 2393). 

Loevenstein Process. — Of interest as an outstanding novelty is the process 
devised by Hirsch Loevenstein and operated on a pilot-plant scale in France by 
Jacques Fondal before the German invasionI77]. Clay is smelted in an electric furnace 
to a mixture of aluminum, silicon, iron, and impurities, and the product is treated in a 
bath of molten zinc. The aluminum only is soluble. The zinc is then distilled from 
the aluminum. 

Serpek Process. — In the Serpek process, aluminum nitride is produced by heating 
ground bauxite and carbon in an atmosphere of nitrogen at 1600 to 1800®C. The 
aluminum nitride formed under these conditions can be decomposed with water, 

AIN 4- 4H2O « Ai(OH)8 4- NH4OH 

The plant of the Southern Aluminium Co. was originally intended to use this process, 
but never worked commercially on it. 

Primary Aluminum Manufacture. — The present commercial process for the 
production of aluminum is essentially the same as that described in the original 
Hall-H4roult patents of 1886 to 1888, and all aluminum made today is produced 
by the electrolytic dissociation of alumina dissolved in a bath of liquid (fused) cryolite 
plus other added salts. The sodium-reduction process need not be considered here, 
since it is only of historical interest, but it is important to direct attention to the 
Cowles alloy process. It should be pointed out that, although Hall applied for his 
patents in 1886, these were not granted until 1889, and in 1886 H6roult also applied 
for a United States patent on essentially the same process as described by Hall. The 
essential differences in the patent applications were in the composition of the elec- 
trolyte and the design of the furnace, but the two processes are identical to all intents 
and purposes. When the separate discoveries of Hall and H4roult were made simul- 
taneously, there was no patent litigation, but the Hall company took the American 
field and the H6roult company the European field. 

The Cowles process! 12] for the manufacture of aluminum alloys direct from ALOs 
was patented by A. H. and E. H. Cowles[13] in 1885, and plants for conducting the 
process were built at Lockport, N. Y., and Stoke-on-Trent, England. In essence, the 
Cowles process called for the reduction of alumina by carbon in the presence of a metal 
(e,g,f copper) in the heat of the electric arc. While alumina can be reduced by carbon, 
as pointed out previously, the metal so reduced will either combine with the carbon, 
forming aluminum carbide; combine with carbon monoxide or dioxide, forming alu- 
minum carbide or oxide; combine with any oxygen present ; or else volatilize. In the 
presence of another metal, however, say copper or iron, the reduced aluminum alloys 
with the other metal, thereby forming an intermediate alloy. In the .Cowles procea^^ 
when copper is used, alloys containing 15 to 40 per cent aluminum and the remainder 
copper are produced, and these were diluted with copper in making aluminum brooae. 

In the process, a correctly proportioned mixture of alumina, carbon, and copper Is 
placed in an electric-arc furnace and smelted. Copper, or any other met^ us(^ 
alloying, has no effect on the actual reaction, since what takes place k simple reduce 
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tioa of alumina by carbon at elevated temperatures, according to 
AlaOs + 3C * 2A1 + 3CO 

During the years 1885 to 1890, the alloys made by the Cowles process could be pro- 
duced at a lower price per pound of contained aluminum than substantially pure 
aluminum itself, and as a consequence a considerable measure of success was had. 
The process is obsolete, but it may have had a war revival, to produce certain inter- 
mediate or light aluminum alloys by direct reduction from alumina. 

Hall Aluminum Process. — In 1886, C. M. Hall, of Oberlin, Ohio, found[5] that 
alumina dissolved in a liquid (fused) solution of aluminum fluoride and another 
metal fluoride, e.^., sodium, formed an electrolyte and that the alumina cou]|i be 
dissociated by the electric current, according to ‘ 

AlaOs * 2A1 -h 30 

The electrometallurgical principle involved in the process, then, is the electrolytic 
decomposition of alumina dissolved in a bath of fused fluorides of aluminum 4^d 
other bases; the current causes dissociation of the alumina into aluminum and oxygen 
without appreciably affecting the solvent. This invention caused a revolution in the 
aluminum industry. It should be added that C. S. Bradley applied for a patent 
covering the electrol^’tic dissociation of aluminum compounds in 1883, but this patent 
was not granted[141 until 1892. This Bradley patent was the cause of litigation first 
between the Electric Smelting and Aluminum Co. (?.c., the Cowles company) and 
Paul H^roult regarding title to it, and second betwe(m the Cowles company and the 
former Pittsburgh Reduction Co. (f.e., the present Aluminum Co. of America). 
After long litigation it was decided by the courts that the Pittsburgh Reduction Co^ 
in using the Hall patents had infringed the Bradley patent. 

In development of the Hall process, it was found that cryolite made a good solvent 
for alumina, and cryolite, as such, or plus calcium and aluminum fluorides, is employed 
for the electrolytic bath in present practice. In the process, the aluminum is liberated 
and sinks to the cathode, while the oxygen goes to the anode, which it attacks, burning 
to carbon monoxide and finally to carbon dioxide on contact with the air. The elec- 
trolysis is carried out in a carbon-lined furnace or cell, the carbon lining serving as 
the cathode and separate carbon electrodes as the anodes. In the Hall reduction cell, 
the electric current serves two important functions, viz,: (1) it keeps the electrolytic 
bath liquid by the generation of heat, and (2) it causes electrolytic dissociation of the 
alumina. Theoretically, the decomposition voltage required is 2.8, but in practice 
about three times this is actually used. 

As indicated, P. L. V. H6roult, of Paris, France, brought out a process in 1886 for 
the preparation of aluminum by the electrolysis of alumina dissolved in cryolite, and 
this process is identical in principle with that of Hall. H6roult’s first patent^ called 
for the preparation of aluminum and aluminum alloys by tha electrolysis of alumina 
dissolved in cryolite, and in making aluminum alloys a negative electrode of the metal 
to be alloyed was employed. This method was never applied commercially to the 
production of alloys, but it was used for aluminum. In H5roult*s* second method, a 
process for making aluminum alloys was specified, in which alumina was melted by 
the electric current and electrolysed by the same current, using a liquid metal, e,g,t 
copper, beneath the aluminum as the cathode. The resulting product is an inter- 
mediate alloy of aluminum and copper, similar to that obtained by the Cowles proc- 
ess. Alumina, without copper or another metal present, cannot be electrolyzed to 

^Freneli patent 175711, Apr. 23, 1886. 

French 170003, Apr. 15, 1887; and V. S. patent 387876, Aug. 14, 1888; and other patent*. 
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produce aluminum^ since the metal would be volatiliised at the temperature prevailing. 
This process was operated for a short time at Neuhausen, Switzerland, but was 
abandoned in 1891, and the production of aluminum taken up in accordance with 
Hdroult's first patent. 

Many methods have been devised for the production of aluminum both before and 
since the invention of the Hall-H6roult process, but all aluminum made now is pro- 
duced by this process. The older methods have been discussed at length in the bwks 
by Richards[2] and Minet[3] and need not be considered here, but it is of interest to 
touch briefly upon some processes that have been devised in recent years. However, 
none of these is now commercial. 

A method for the production of aluminum directly from aluminum-bearing 
minerals has been patented by Tone,^ in which aluminum ore is smelted to aluminum 
carbide with carbon in an electric furnace, and this is then mixed with silica and 
smelted to an aluminum-silicon alloy or with aluminum oxide and smelted to alumi- 
num. The process is uneconomic, even if it is technically sound. Betts* has patented 
a process entailing the smelting of kaolin in a blast furnace to an iron-aluminum- 
silicon alloy. This alloy is then oxidized, sulphurized, or chloridized to aluminum 
oxide, sulphide, or chloride, and in the sulphide the compound is electrolyzed to 
aluminum and sulphur. In a patent by Kissock,* an aluminum-silicate mineral is 
smelted with carbon to aluminum carbide, and this is converted to aluminum sulphide. 
The latter is electrolyzed in a suitable bath. Many carbon-smelting processes for the 
direct reduction of aluminum have been devised, but, as stated, these are all techni- 
cally unsound. A numb(jr of patented processes call for the electrolysis of aluminum 
salts in aqueous solution, but these are unsound. 

The fundamental principle of the Hall-H6roult process is the electrolytic dissocia- 
tion of alumina dissolved in a bath of aluminum fluoride and the fluoride of one or 
more metals more electropositive than aluminum, e.g.j sodium, potassium, or calcium. 
The composition of the electrolytic bath is especially important, and this will be dis- 
cussed briefly. Both natural and artificial cryolite are used as the base in making up 
baths, and the actual bath composition may vary over a fairly wide range. Cryolite 
melts at 995®C., and the eutectic mixture 81.5:18.5 cryolite-alumina melts at 935®C. 
By the addition of various salts, the melting point may be reduced to 700®C. The 
specific gravity of the liquid bath must be less than that of liquid aluminum at the 
operating temperature, since otherwise the dissociated metal would rise, instead of 
sink, and upset the cell. A typical bath contains 66.8 per cent aluminum fluoride 
and 33.2 per cent sodium fluoride. In the Hall process, the following composition 
has been employed for the bath: 59 per cent aluminum fluoride, 21 per cent sodium 
fluoride, and 20 per cent calcium fluoride. This bath dissolves 20 per cent alumina 
at the operating temperature. Cryolite has a specific gravity of 2.92 in the solid 
sttfte and of 2.08 in the liquid state, while aluminum has a specific gravity of 2.70 in 
the solid state and 2.31 in the liquid state (at 900®C.). Hence at the operating tem- 
perature, the metal collects at the bottom of the bath. 

The theoretical e.m.f. required for dissociation of the alumina in the process is 2.8 
volts, but in practice at least three times this is necessary because of the re^tance of 
the bath and connections and small losses here and there in the circuit. In general, 
irrespective of the type of furnace, each unit requires 6.5 to 7.5 volts for operation, and 
in starting, a wider range, 5.5 to 8,5 volts, is necessary. It is not economical to build 
dynamo-generators of such low voltage, and consequently 30 to 40 furnaces arc con- 
nected in series; thus, the operating voltage for 35 furxmees would be 250 volts, Tbn 

i U. S. patent 961913, June 21, 1910. 

* U. S. patent 938634, Nov. 2, 1909. 

• U. a patent 1062727. Feb. 11, 1913. 
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current density varies over a rather wide range, e.g,f 1.6 to 3 amp, per sq, cm. in 
certain French furnaces, and 650 to 760 amp. per sq. ft. in some American cells. 
Hie current employed depends upon the size and the number of electrodes — 8000 to 
It), 000-amp. lines are common, and there are larger furnaces using 15,000 to 20,000 
amp. Theoretically, there should be 0.33912 g. of aluminum produced per ampere- 
hour, or 0,7476 lb. per 1000 amp.-hr. The theoretical anode consumption is 0.67 lb. 
per pound of aluminum produced, but in practice this amounts to 0.8 to 1.0 lb. The 
consumption of alumina per pound of aluminum produced is about 2 lb. in practice — 
1.888 lb. theoretically — and about 0.1 lb. of cryolite or bath material is consumed. 



Fig. 5. — Hoopes refining cell. 


About 12 kw.-hr. is required to produce 1 Ib. of aluminum ; hence a difference of 1 mill 
in the cost of power makes a difference of 1.2 cents per lb. in the cost of the aluminum. 

As mentioned in a later paragraph (r/. Commercial Aluminum, below), the product 
of the Hall-H6roult reduction cell is not pure aluminum but contains appreciable 
amounts of impurities. Many attempts had been made to refine impure aluminum 
and to produce pure metal, but this had not been accomplished until the Hoopes 
process was developed. The method is described in paten ts[7] granted to Hoopes 
and others and owned by the Aluminum Co. of America. Detailed discussion 
of the process cannot be given here. Briefly, a cell is employed in which there 
are three horizontal layers; the lowest layer is a liquid aluminum-copper alloy anode, 
above this is a layer of fused cryolite-barium fluoride solution (the bath electrolyte), 
and floating on top is the cathode of pure liquid aluminum. The cell operates at 
about 6 volts and 20,000 amp. Cathode metal containing as high as 99.98 per 
cent A1 has been produced in the Hoopes cell in regular operation. The mechanical^ 
physical, and chemical properties of pure aluminum are markedly different from those 
of the ordinary 99+ per cent commercial metal, but the mechanical properties are 
inferior to the many carefully prepared alloys, 

Altanlninn^^feduction Furnaces. — All furnaces now in use for the electrolytic 
production of aluminum, other than the Hoopes cell, are essentially the same in 
gmieral design, although they vary considerably in constructional detail. The 
ul^lli^aee consists of a rectangular box of mild steel lined with a refractory material 
of and electrical conductivity, and within this a heavier lining of rammed 
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carbon forming the cathode. This carbon Uning is made of petroleum coke with a 
suitable oil or tar binder rammed in place; plates of iron may be molded in the bottom 
to form the cathode connection. In some furnaces, the lining is made as a separate 
unit, which is molded and baked similar to the anodes. There is great advantage in 
this type of lining, since a furnace that becomes inoperative can be renewed with a 
minimum of labor by simply removing the old lining and replacing it with a new unit. 
Figure 6 shows the general lines of the modern Hall-H 6 roult furnace with the anodes. 
In some furnaces, electrodes of carbon are embedded in the bottom of the furnace. 

In all types of furnaces, the bottom is inclined toward the taphole, and each 
anode is arranged so that it can be operated independently of the others. Alumi- 
num furnaces are built in various sizes, e.g., 8 ft. long by 4 to 5 ft, wide by 2 ft. high, 
and generally rectangular shapes are now in use in place of the former round cells. 

A set of anodes is suspended in the interior of each furnace, and these vary in size 
and length. Anodes are round, square, and rectangular in section, 3 to 16 in. in 



Fig. 6. — Aluminum-reduction cell. 

diameter or width, and the length varies from 8 to 40 in. Anodes are suspended in 
the bath in groups of 8 to 12 and are closely grouped. They are clamped to a heavy 
frame support by suitable connections so that the group as a whole, or each individual 
anode, can be raised or lowered mechanically for control of the current and to ensure 
equal distribution. Various types of furnaces have been described by NissenlSO]. 

In the operation of a typical furnace, in starting, the bottom is first covered with 
granulated carbon shoveled in loosely, the anodes are then lowered to make contact 
therewith, and the current is thrown on. As the furnace heats, cryolite or a prepared 
bath material is added. This melts, and the anodes are raised with an increase in 
the bath voluhie, and more cryolite is added imtil the furnace is full. When the 
bath is carrying the requisite current, alumina is charged in small amounts at a time 
until the furnace is in full operation. Of course, other salt additions are made to the 
bath during the starting operation, e.g., calcium fluoride and aluminum fluoride, 
depending upon the bath employed. Alumina is added until the bath contains 10 to 
20 per cent AI 2 O 9 in solution. On electrolysis, the aluminum tunks and collects on the 
cathode bottom, from whch it is tapped periodicallyf and the oxygen liberated at 
the anode interacts therewith. In operation, the alumina content of the bath is 
controlled by voltmeters and incandescent lamps connected across the terminidflk 
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When the alumina content becomes low^ the furnace voltage rises from the norma] 
7 volts to 15 to 20 volts. The lamps are so connected that when the bath reaches a 
certain resistance they light, thus giving notice to the operator. 

Every two or three days, according to the capacity of the furnace, the liquid 
aluminum is run off through a taphole in the side. This metal is remelted in order to 
remove occluded bath salts and is then cast into pigs, forming the primary aluminum 
of commerce. First-grade aluminum contains 99 to 99.5 per cent A1 (by difference), 
The cost of production of aluminum is now 8 to 10 cents per lb. 

Manufacture of Carbon Electrodes. — Since the anodes come into direct contact 
with the bath, they must be as free as possible from impurities, particularly iron and 
silica, f .e., the ash content must be extremely low, and the manufacture of anodes is an 
important part of modem aluminum production. Petroleum coke is the best material 
for anode manufacture, and in practice the coke is first crushed to small nut size and 
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Fig. 7. — Aluminum ingot. {British Aluminum Co., Ltd.) 


then calcined for 3 or 4 hr. at a red heat in a calcining furnace, e.gi., one of Meissei 
type. After cooling, the calcined coke is ground, usually with waste elecIrQ^es, in a 
ball mill, to pass 16 to 18 mesh, of which 40 per 100 mefiJi! T^he ground 

coke is next mixed with a binder of pitch, or oil, in steam-jacketed kneading 

machines, and then transferred to electrode molds or presses. The usual press ig 
hydraulic in operation, and pressures up tO' bOQi atm. are used. 

After the electrode shapes have been formed in a press, they are air-dried and 
then baked in a furnace or kiln in order to remove the volatile binder. The tem- 
perature of baking is 1000 to 1400®C., depending upon the size and binder, and the 
heating is done slowly in order to avoid cracking. Several days are required for firing 
the largest sizes of electrodes. The temperature is gradually raised during the opera- 
tion, and the electrodes lose about 10 per cent in weight. The furnaces are generally 
fired with producer gas, and the electrodes are placed in refractory saggers packed 
with retort-carbon powder, groimd petroleum coke, or electrode scrap. Many types 
of furnaces are employed in baking, the common ones being the Mendheim tunnel 
furnace and the Meisser chamber furnace. The apparent density of petroleum- 
coke electrodes is 1.55 to 1.70, the real density is 1.95 to 2.05, and the ash content less 
than 0.3 per cent. Finished electrodes should have iai electrical resistivity of about 
0.0016 ohm. The production of electrodes used have been treated 

in detail by NisBen[30]. The Soderberg has been tried in alumi* 

num furnaces. The Russians claim to !|puid .ai sculp of carbon, alumina, and bauxite 
that forms in the cells with electrode saving all of the material. 

Commercial Aluminum. — The of the reduction cell, after remelting, 

appears on the market as primi^ atoiainum, and this is graded according to the 
amount of .impurities presentt < chief impurities are iron, silicon, copper, and 
iduminp^ carbides, sodium, nitrogen, and titanium are normally 
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present in very small amounts. Ordinarily, three grades of primary aluminum are 
marketed, viz.: (1) special, containing 99.54- per cent aluminum (by dilferaioe); (2) 
grade No. 1 (or grade A), containing 99+ per cent aluminum; and (3) grade No. 2 
(or grade B), containing 98 to 99 per cent aluminum. Primary aluminum alloys are 
prepared by a remelting operation in which an alloying metal is added to primary 
aluminum. In practice, the quality of aluminum is ordinarily based on a chemical 
analysis in which copper, iron, and silicon are determined, and the remainder is said 
to be aluminum. In 99+ per cent aluminum, the content of impurities is usually 
copper, trace to 0.20; iron, 0.25 to 0.60; and silicon, 0.15 to 0.40 per cent. Alumina, 
AliO«, is a normal impurity in commercial aluminum. 

Chemical Properties of Aliuninum. — ^The chemical properties of aluminum 
are remarkable and of great importance. The chemical properties of the metal 
and its interactions with various substances have been ably discussed by Little[61 
and Mellor[10] in their books, and these may be consulted for detailed information. 
Aluminum is very reactive chemically and under proper conditions combines readily 
with oxygen, the halogens, nitrogen, sulphur, and carbon; it is readily attacked 
by some acids, but not at all, or slightly, by others; and it is readily soluble in alkalies. 
The chemical properties of light aluminum alloys are, in general, similar to those of 
the substantially pure metal. Aluminum is a silvery-white metal with a slightly bluish 
tinge, and it has great coloring power, ?.e., it readily whitens colored metals in alloys. 
Aluminum forms one series of salts in which it is trivalent, and the salts are derived 
from the basic oxide, AI 2 O 3 . Aluminum salts are nonpoisonous; consequently 
aluminum cooking utensils are preferred to tinned steel utensils. On the basis of the 
ionic hypotheses, the salts of aluminum dissociate in aqueous solution, according to 

AIX 3 A1+++ + 3X- 

yielding the colorless cation A1+++. The ionic mobility of the cation H A1+++ is 
40.4 at 18°C., according to Heyweiller. Aluminum stands high in the electromotive 
series. The atomic weight of aluminum is now given as 26.97 by the International 
Union of Pure andApplied Chemistry. 

Interactions with Various Substances. — A few of the principal reactions of alumi- 
num with various substances are indicated briefly here, and further information will be 
found below under Corrosion of Aluminum and Aluminum Alloys, particularly on the 
action of air and water. Aluminum is attacked slowly by cold acetic acid, but the 
rate of attack increases markedly with increasing temperature and increasing dilution 
of the acid. Butyric acid attacks aluminum slightly in the cold, but with boiling 
butyric acid the action is similar to acetic acid. Aluminum is attacked very rapidly 
by hydrochloric and hydrofluoric acids in aU concentrations, with the evolution of 
hydrogen. Lactic acid has very slight effect. Cold concentrated or dilute nitric acid 
attacks aluminum slowly, and the metal can be employed for handling such acid* 
Traces of sulphuric acid in nitric acid increase the rate of attack. Oleic acid has 
practically no effect on aluminum. Aluminum is dissolved appreciably by hot dilute 
sulphuric acid, but the action of the concentrated acid is slow. Alkali hydroxides 
attack aluminum and its light alloys rapidly. 

Aluminum interacts with carbon at high temperature to form aluminum carbide, 
A 14 C 8 , and carbon monoxide and dioxide interact with it, forming aliuninum carbide 
or aluminum oxide and setting free carbon. Aluminum carbide is decomposed by 
water, yielding aluminum hydroxide and methane. Chlorine, bromine, and iodine 
all attack aluminum rapidly. Nitrogen combines directly with aluminum at moderate 
temperature (400 to 800*^0.), forming aluminum nitride, AIN. This is attacked 
by water, yielding aluminum hydroxide and ammonia. Aluminum reacts with eje- 
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mental sulphur at moderately high temperature to form the sesquisulphide, Al£Si; 
with phosphorus, to form a number of phosphides; and with arsenic, to form the com- 
pounds AlAs and AljAsj. Aluminum forms many chemical compounds, notably the 
alums, e,g.j KasS04.Al2(S04)8-24H20. 

Oxidation of Aluminum. — The affinity of aluminum for oxygen is very great, 
and fine aluminum powder, or very thin foil, bums in the air, on ignition, with great 
violence. The thermit reduction of metallic oxides is based upon the high affinity of 
aluminum for oxygen. Thus, when aluminum powder is mixed with a finely divided 
metallic oxide and the mixture ignited, the reaction takes place with violence, yielding 
aluminum oxide and the metal of the metallic oxide reduced, e.g., 

FeaOa 4* 2A1 Al^Os -b 2Fe 

The molecular heat of formation of Al20* is about 386,000 cal., or about 128,700 jcal. 
per gram-atom of oxygen. 

Metallic aluminum is normally covered with a thin film of aluminum oxide, md 
when heated in air, at temperatures up to the melting point, small particles of alumi- 
num are gradually oxidized to aluminum oxide. Much (experimental attention has 
been given to the oxidation of aluminum, but considerable uncertainty still cfxists as 
to the actual final end product of oxidation. Thus, several oxides, other than Al203\ 
are mentioned in the literature. Pionchon claims that the final end product of oxida- 
tion is AI 2 O. 3 AI 2 O 3 , indicating the existence of the suboxide AI 2 O. Kohn-Abrest 
mentions AlO, and AI 4 O 8 and AleO? have been described. All these seem unlikely. 
Rhodin, however, submits that substantially pure aluminum burns in air to form 
AI 8 O 4 , just as iron burns to Fe 804 . Aluminum quickly oxidizes if the surface is nibbed 
with mercury, an arborescent growth of aluminum oxide rapidly forming all over the 
metal. This phenomenon is known as the ^^activation of aluminum.^' 

Properties of Aluminum and Aluminum Alloys. — The gimeral physical and 
mechanical properties of substantially pure (commercial) aluminum have been 
fairly well determined, but much testing work on the properties of the light lEdioys 
is still needed. The tensile strength of aluminum is low, and the substantially pure 
metal finds limited and special employment for engineering construction, beiqg 
valued chiefly because of its luw specific gravity, great ductility, high electrical an<i 
thermal conductivity, and resistance to atmospheric corrosion. Where it is desired to 
take advantage of the low specific gravity of the metal, however, but where consider- 
able strength is required, it is necessary to employ aluminum alloys. 

Some excellent aluminum alloys have been developed for particular purposes, and 
certain of these possess tensile strength exceeding that of mild steel and the specific 
tenacity of alloy steels. Aluminum is malleable and ductile in the cold and can be 
rolled into sheet, drawn into wire, stamped and spun, and otherwise worked both hot 
and cold. Both the metal and its alloys are hot-short at high temperatures, and some 
of the afioys are cold-short. 

The physical properties of aluminum and aluminum alloys are variable over a 
wide range depending upon the chemical composition, the physical condition, i.e., 
whether cast or worked, and the heat-treatment. From the commercial point of 
view, the following properties of aluminum and aluminum alloys are of importance 
in particular applications: specific gravity, hardness, tensile properties at the ordinary 
and elevated temperatures, modulus of elasticity, compressive strength, resistance to 
alternating stresses and impact, thermal expansion, growth on heating, thermal con- 
ductivity, electrical conductivity; and others. To the foundryman, the following 
properties of aluminum alloys are of importance from the point of view of easy cast- 
ing: contraction in volume and linear contraction, fluidity and viscosity, surface ten- 
don, latent fieat of fusion, melting points, and some of the other properties mentioned 
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above. The general physical properties of aluminum have been well suimnariased in 
Circular 76 of the National Bureau of Standards, and valuable data are to be found in 

Table 2. — Physical, Mechanical, and Other Properties of Aluminum^ 


Property 

Units for expression 

Value 

Specific gravity, 20^*0 

Grams per cubic centimeter 

2.70± 

Specific gravity, liquid, 800°C 

Grams per cubic centimeter 

2.343 

Solidification shrinkage 

Per cent 

6.6 

Melting point 

Degrees centigrade 

668.7 

Boiling point 

Degrees centigrade 

1800 ± 60 

Thermal expansivity i 

Increase in length per cent of 
length per degree centigrade 
(0 to 100%!.) 

0.0000239 

Thermal conductivity, at 18°C 

Gram-calories per cubic centi- 
meter per 1 degree centigrade 
per second (e.g.s. units) 

0.64 

Latent heat of fusion 

Gram-calories per gram 

77 

Latent heat of vaporization 

Gram-calories per gram 

2100 

Specific heat 

Gram-calories per degree centi- 
grade (18 to 100®C.) 

0.212 

Vapor tension 

At melting point in millimeters 



of mercury 

1.0 X 10“" 

Specific electrical resistance 

Microhms per cubic centimeter 



at 20'’C. 

2.82 

Temperature coefficient of resistivity. 

Per degree centigrade (20 to 



100°C.) 

0.0039 

Magnetic susceptibility 

H X 10% at 18°C. 

+0.65 

Hardness (sheet) 

Brinell (10 mm., 500 kg., 30 sec.) 

28 

Hardness (sheet) Hll 

Cl 1 ( Magnifier hammer 

ScleroscopefTT • ii 

^ [ Universal hammer 

5-6 

4-6 

Tensile strength (sheet) H 

Pounds per square inch 

13,000 

Yield point (sheet) H 

Pounds per square inch 

8500 

Elongation (sheet) H 

Per cent 

15 

Reduction in area (sheet) HH 

Per cent 

35 

Modulus of elasticity 

Pounds per square inch 

10,000,000 

Compressive strength A-132 

Pounds per square inch 

30,000 

Linear contraction, 700 to 25°C 

Per cent 

1.68 

Surface tension, 700°C 

Dynes per centimeter 

520 

Heat of combustion to ALOa 

( Calories per gram-atom of 0 

128,700 

1 Calories per gram-molecule 

386,000 

Heat of chlorination to AlCL 

Calories per gram-molecule 

180,000 

Heat of sulphuration to ALSs 

Electrolytic solution potential against 

Calories per gram-molecule 

42,000 

calomel electrode 

Volts 

1.04 

Atomic weight 

0 « 16 

26.97 


» Data collected from various sources. 


the book by Girard[9]. The reports to the Alloys Research Committee of the Insti- 
tution of Mechanical Engineers[18, 19, 24, 36] may be consulted for data on the 
physical properties of some aluminum alloys. . 
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Table 2 gives a summary of the principal physical and mechanical properties of 
substantially pure aluminum; the figures may be compared with the corresponding 
properties for magnesium in the chapter on the Metallurgy of Magnesium and Mag- 
nesium Alloys in this work. Table 3 gives the average tensile properties of substan- 

Table 3.“ -Tensile Properties of Substantially Pure Aluminum' 





Elon- 

Reduc- 

Form 

Yield point, 

Tensile strength 

gation on 
a 2-in. 

tion in 

lb, per sq. in. 

lb. per sq. in. 

length, 
per cent 

area, per 
cent 

Sand cast* 

8,000- 9,000 

11,000-13,000 

15-25 

30-40 

Chill cast* 

Sheet: 

9,000-10,000 

12,000-14,000 

20-30 

50-60 

Fully annealed 

6,000- 6,000 

12,000-15,000 

15-30 

30-40 

Half hard 

13,000-14,000 

15,000-19,000 

10-20 

20-30 

Hard (heavy reduction) 

20,000-24,000 

22,000-26,000 

2-10 

5-20 

Bar, hard-drawn 17S-T.. , 
Wire: 

14,000-25,000 

28,000-35,000 

3—10 

6-20 

17S-T 

14,000-33,000 

28,000-55,000 

1 1-10 

j 2-20 



1 Approximate values, from various sources. 

« But pure aluminum is rarely used fur castings. 


tially pure aluminum in various forms. The tensile properties of aluminum at ele- 
vated temperatures may be determined from the formula given by the Aluminum 
Co. of America, viz.f 

St « 14,107 - Z2.Ut 

where t « the temperature of testing in degrees centigrade (between 50 and 400®C.), 
and St « the tensile strength in pounds per square inch at the temperature t. The 
solidification shrinkage of aluminum is high, 6,6 per cent. 

Physical and Mechanical Properties of Aluminum Alloys.— The general physical 
and mechanical properties of the light aluminum alloys vary over a wide range, 
depending upon the composition and the condition. The extreme limits of specific 
gravity of the commercial alloys are about 2.4 and 3.3, and most commercial alloys 
have a specific gravity under 3.0. The contraction in volume of most of the alloys is 
high, but less than that of aluminum, and the silicon-bearing alloys have the least 
contraction. Experiments by the writer[601 have shown that the linear contractions 
of 40 alloys vary in the range 0.95 to 1.80 per cent. The melting points of the alloys 
range below that of aluminum down to about 575®C., the 92:8 aluminum-copper 
alloy melting at 636®C, WhUe aluminum is very soft, it can be hardened greatly by 
alloying, and the BrineU hardness of the commercial alloys ranges from 25 to 125 
(10 mm. 500 kg., 30 sec.). 

The tensile strength of the light aluminum alloys varies greatly, when cast in 
sand, depending upon the chemical composition, and, roughly, it lies between about 
14,000 and 38,000 lb. per sq. in. Chill-cast alloys are considerably superior as 
to strath and ductility to sand-cast ones. In castings, the strength is a function 
of the size of section and the pouring temperature, being less with increase of section 
size and increase of pouring temperature. Giliett[22] has shown that the strength of 
alloys poured at high temperatures may be 10 to 20 per cent less than when poured 
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^ low temperatures. The mechanical properties of most of the light alloys are 
improved by either hot- or cold-working, and the best properties of one class of alloys 
(duralumin) are brought out only by working followed by heat-treatment and a^ng. 
Duralumin manufactures have been made with tensile strength up to 80,000 lb. per 
sq. in. The elongation of sand-cast aluminum alloys varies from nil to around 
12 per cent. Table 3 gives the tensile and other properties for some sand-cast alumi- 
num alloys poured at low temperature. 

; Few data are available as to the compressive strength of aluminum alloys, but the 
range is roughly 70,000 to 100,000 lb. per sq. in. At elevated temperatures, the alloys 
lose strength, and most are weak above 300®C. The addition of small amounts of 
iron, manganese, or nickel to binary aluminum-copper alloys increases their strength 
at high temperatures. All the aluminum alloys are exceedingly hot-short, i.c., weak 
at temperatures immediately below the solidus. In fatigue (resistance to alternating 
stresses) the behavior of the alloys is variable, but the following alloys will withstand 



FiaS.— Sand-cast No. 12 alloy; etched with Fig, 9.— 93;4;3 Al:Cu:Si alloy; X 600) 

NaOH; X 76. 


10,000,000 reversals with 7000-lb. maximum fiber stress, viz.j 92:8 aluminum copper; 
2 to 3 per cent copper, 12 to 15 per cent zinc, and remainder aluminum; and 1.5 to 2 
per cent copper, 1.5 to 2 per cent manganese, and remainder aluminum. Forged 
duralumin will stand 100,000,000 reversals (White-Souther) at 15,000-lb. maximum 
fiber stress. The Charpy impact resistance of aluminum alloys is 1 to 5 ft.-lb , 
notched bar, while the Izod value is 2 to 6 ft.-lb. 

The coefficient of thermal expansion of the commercial light aluminum alloys 
varies between 22 X lO”® and 27 X 10~®, €.(/., that of the 88:12 aluminum-copper 
alloy is 26.4 X 10“®, as compared with 22.31 X 10“® for aluminum. When a light 
aluminum alloy is heated, it first expands, as do most metals and alloys. After 
reaching about 250°C., however, the increase in size becomes quite rapid and con- 
tinues for some time, even though the temperature remains constant. This is called 
permanent growth, since on cooling down the increase in size is not lost. All the light 
aluminum alloys have thermal conductivity less than that of aluminum, and, generally 
speaking, the greater the percentage of additive elements in an aluminum alloy, the 
lower the thermal conductivity. Unlike cast iron, the thermal conductivity of the 
aluminum alloys increases with increasing temperature; that of cast iron decreases 
very slightly. Whereas the thermal conductivity of aluminum 0.504, tibat of the 
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light alloys varies in the range 0.25 to 0.48, e.g.y the thermal conductivity of the 88: 12 
aluminum-copper alloy is 0.382 at 100®C. The electrical conductivity of the alumi- 
num alloys is lower than that of aluminum, the resistivity ranging up to 5.70 microhms 
per centimeter cube. The electrical resistivity of duralumin is 3.35 microhms per 
centimeter. A most exhaustive study of the electrical properties of numerous 
aluminum alloys is due to Broniewski[23]. 


Table 4. — Tensile and Other Properties of a Series of Sand-cast Light 

Aluminum Ali^oys^ 


Nominal composition, 
elements, per cent 

Elastic limit, pounds 
per square inch 

Yield point, pounds 
I>er square inch 

Tensile strength, 
pounds per square 
inch 

Elongation on a 2-in.. 
length, per cent 

Reduction in area, per 
cent 

Specific gravity 

Brinell hardness* 

Melting point, degrees 
centigrade 

Linear contraction, 
inches per foot 

Al 

Cu 

Other 

mctala 

Mg 





2,000 

8,000 

12,000 

20 

35 

2.70 

25 

058.7 

0.202 

96 

4 

« 



10,000 

1G..500 

5 

7 

2.77 

45 

650 

0.188 

92 

8 



8,000 

12.000 

19,000 

1.5 

2 

2.85 

65 

030 

0.172 

88 

12 



9,000 

15,000 

21,000 

0.5 

1 

2.93 

70 

020 

0.108 

95 



5 


16,000 

22,000 

1.0 

2 

2.02 


030 

0.175 

90 


d 

10 



24,000 

0.5 

1 

2.54 


006 

0.140 

mm 


2 Mn 


4,000 

7,000 

17.000 

7 

9 

2.75 

40 

0,54 

0.198 

95 


6 Si- 


3,000 


18,000 

4 

5 

2.07 

40 

020 

0.160 

90 


10 Si 




20,000 

2 

3 

2.49 

50 

597 

0. 150 

87J» 


13 Si/ 




28,000 

8 

12 

2.04 

00 

605 

0.1^2 

90 


10 Zn 



10,000 

19,000 

8.5 

10 

2.74 

GO 

045 

0.189 

80 


20 Zn 



20,000 

27,000 

1 

2 

3.06 

70 

022 

0.167 

67 


33 Zn 


15,000 

20,000 

33,000 

Nil 

Nil 

3.33 


600 

0, 152 

97 

2 

1 Mn 




20,000 

10 

15 

2.80 


049 

0. 198 

82 

3 

15 Zn 




28,000 

2 

3 

3.00 

85 

025 

0.171 

89.5 

7.5 

1.5 Fe» 



12,000 

22,000 

1.5 

1.5 

2.85 

05 

035 

0.168 



1.5 Zn 











93 

4 

3 Si* 



10,000 

18,000 

2.6 1 

2.5 

2.80 

50 



88.2 

10 

1.5 Fe 

0.3 


11,000 

22,000 

0.5 

1 

2.90 

90 


0.168 

925. 

4 

1.5 Ni 

2 


mm 

25,000 

2 

1 

2.80 

70 


0.104 


1 Data from various sources. * Approximate Alcoa 195. / Approximate Alcoa 47. 

• 10-mm. ball, 500 kg., 30 sec. * Alcoa 220. Approximate Alcoa 1 12. 

* Modified alloy. ' Alcoa 43. * Alcoa 108. 


Many light aluminum alloys possess aging properties, /.f., when freshly cast they 
may have their tensile properties enhanced by maturing at the ordinary temperature, 
and in the same way the machining properties may be improved. Thus, in foundry 
practice, it is usual to allow freshly cast parts of difficultly machincable alloys to age 
for some time at the ordinary temperature, when it will he found that they cut more 
satisfactorily than if machined soon after being taken out of the sand. In some alloys, 
the increase in tensile strength found on aging for one month after casting will be 25 
to 30 per cent, but the elongation is decreased. The Brinell hardness increases on 
aging at the ordinary temperature. Heat-treatment enhances the strength and hard- 
ness of certain alloys most markedly. It is an accelerated aging. 

Corrosion of Aluminum and Aluminum Alloys.— While it is often thought that 
aluminum and its light alloys are very susceptible to corrosion and that they, there- 
fore, cannot be used for many purposes, these materials are actually more resistant 
to some corrosion influences, c.g., ordinary atmospheric air, than are most simple 
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steels. The behavior of the metal and its alloys in different corroding media is, of 
course, very variable, and the resistance to corrosion of different alloys in the same 
media may be, and usually is, variable. Thus, the corrosion of aluminum or any 
aluminum alloy may be rapid in an acid-gas atmosphere, but slow in sea water or in 
ordinary atmospheric air; also, an aluminum-zinc alloy may deteriorate rapidly in sea 
water, while an aluminum-manganese alloy will corrode slowly. 

The greater resistance of aluminum and its light alloys to ordinary corroding media, 
as contrasted with iron and steel, is explained by the sudace coating of aluminum oxide 
which forms and protects against further corrosion. The corrosion of aluminum is 
affected by its purity, and for applications where specific resistance against corroding 
media is desired, the purer varieties will withstand attack better than less pure metal. 
Thus, the 99.94- per cent metal made in the Hoopes cell is practically not corroded at 
all in dilute hydrochloric acid, while the ordinary 994- per cent metal is rapidly 
attacked. Some of the light aluminum alloys, and also aluminum, when worked, are 
subject to corrosion cracking (season cracking) — a phenomenon familiar to brass 
metallurgists — i.€., the materials exfoliate and crack in certain solutions, owing to 
internal stresses. Hard-worked aluminum corrodes more rapidly than annealed metal 
in general, and cast aluminum corrodes more rapidly than the hard-worked, because of 
minute pores in the former that give rise to local action. The corrosion of aluminum 
and its light alloys in various media has been described in many published papers, and 
only the more general aspects of the subject can be discussed here. 

When aluminum and its light alloys are exposed to air, they become coated with a 
thin film consisting largely of aluminum oxide, AUOa, or aluminum hydroxide in 
moist air. This film, if not broken down mechanically, serves as a protective coating, 
and apparently it should prevent further corrosion almost indefinitely. This film, 
however, may be broken readily by abrasion and other mechanical influences in serv- 
ice, and it is also penetrable by gases and liquids, for this reason it does not serve 
as an effective protection unless it is fairly thick. Aluminum is attacked slowly by 
fairly pure atmospheric air and more rapidly by impure air. In ordinary damp air, 
the oxidation may be regarded rather more as a hydration of the metal taking place 
simultaneously with oxidation, since in the presence of moisture, the reaction 

A1 4- 3 H 2 O = A1(0H)3 4- 3H 

takes place and a colloidal film of aluminum hydroxide is formed. In the presence 
of carbon dioxide, the oxidation of the metal takes on a pitting effect, owing to the 
attack of carbon dioxide on the film of aluminum oxide and aluminum hydroxide, 
thus revealing a fresh surface of the metal to further action. 

Aluminum is not attacked by distilled water, but is attacked by tap water, impure 
waters, and sea water, the corrosion depending upon the constitution of the waters. 
Oxygen is regarded as the prime cause of corrosion of aluminum by water. It has 
been indicated that alkalies attack the metal and its alloys rapidly, and alkaline waters 
are very corrosive. Alcoholic solutions and liquors have little action, and aluminum is 
used in the spiritous liquor and brewing industries for containers. So-called cutting 
solutions and compounds used for machining aluminum and its alloys have no effect 
unless they contain soda ash or related sodium compounds. Sther has no corrosive 
action. Gasoline and oils have no action. Iron salts and compounds of iron cause a 
blackening of the metal. Lactic acid and milk have no action, and aluminum (5on- 
tainers are used in dairying. Aluminum is attacked by some paints. 

Protection from Corrosion. — A great deal of thought has been given to the pro- 
tection of aluminum and its alloys by means of various coatings. Spar varnish was 
the first means tieed, chiefly for protecting aluminum and aluminum-allo^red parts 
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from sea-water corrosion on seaplanes. The “browning” process of von Grotthuss 
was another early method in which the aluminum part was suspended in an electrolyte 
consisting of a sulphur compound of molybdenum with a zinc anode and electrolyzed 
at 60 to 65 The metal was soon covered with a dark brown coating which could be 
rolled or bent without cracking. A process at one time popular with our Air Corps 
was the Z-D process of Zimmerman and Daniels[66] which consisted in treating the 
parts to be protected with a solution of sodium silicate followed by baking. 

The chief dependence now is on anodizing, which is essentially an artificial building 
up of the normal aluminum oxide film to a thickness that will resist corrosion The 
first work on this process appears to have been done by Bengough and Stewart 
(British patent 223994), who made the aluminum article to be treated the anode 
in a chromic acid electrolyte. They also noted the ability of these oxide films to 
take up dyes. Certain sulphuric acid processes followed, among them being the 
so-called Brytal process (British patent 449162). Some further notes on anodizing 
will be found in the chapter on chromium. 

Commercial Aluminum Alloys. — Many different alloys are now in common use. 
Table 5 shows a number of the standard alloys recommended by the Aluminum Co. 
of America, the table being based on its numbering. Because of variations produced 
by heat-treatment, some of the tensile strengths show a wide variation. Even the 
minimum values should not be used as specification limits, though ordinarily they 
can be depended upon. There are changes in dimensions of some aluminum alloys 
on aging, and most of this change can be brought about in a few hours by appropriate 
heat-treatment. For work requiring close tolerance, it is necessary either to allow 
the castings to age spontaneously or to give them a heat-treatment before machining. 

It may be noted that the alloy commonly referred to as Dural is practically the 
Aluminum Co.^s 17S, while 24S heat-treated (24ST) is practically the European 
Superdural. The term “superdurai” is often used to mean any low-copper heat- 
treatable alloy, but strictly speaking, it should refer to the alloys originally introduced 
by Wilm. The hardening of these alloys is due to the precipitation of a nmtallic 
compound, Mg 2 Si, which occurs when the material is quenched at 480 to 500°C. and 
then aged. The aging may be greatly accelerated by drawing to about 100°C. The 
change can be delayed by keeping the material under refrigeration after quenching if 
subsequent forming operations are to be performed on sheets. This is now standard 
practice in certain plants. 

Zinc duralumin is a term used to connote a class of heat-treatable alloys of the 
composition, for example: 


Pbr Cent 


Copper 2.5 

Magnesium 0.5 

Manganese 0.5 

Zinc 20.0 

Aluminum (by difference) Remainder 


Zinc duralumins may be hardened by quenching followed by aging, as in simple 
duralumins. These alloys have been discussed by Rosenhain and his collaboratorsl36] 
The tensile properties of the alloys after working and heat-treatment are most remark- 
able. Rolled sheet, after quenching from 400°C. and rerolling before hardening has 
|fet in, has the following properties: yield point, 64,000 lb. ; tensile strength, 76,000 Jb. 
|>er sq, in.; and elongation, 10 per cent. Of special duralumins, the 92.5:4:1.5:2 
aiuminum-copper-magnesium-nickel alloy has been considerably exploited, and the 
iduminnxn-magnesium silicide alloy (about 1 per cent magnesium plus sufficient silicon 
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to form MgaSi) developed as the result of investigations by Hanson and Gayler has 
had some use. This alloy is heat-treatable and is used for sheet, bars, rods, tubing, 
and special shapes. It is softer and less strong than ordinary duralumin, having a 
strength of about 48,000 lb. per sq. in. as rolled and heat-treated as against 62,000 ib. 
for duralumin. 

The alloy 25S is the one most commonly used for air screws, and it appears to 
be about the same as the German Lautal. 



Fia. 10.- -Duralumin sheet; water-quenched from 612®C. and air-aged; etched HNO» 

quench; X 200. 

Casting Alloys. — Originally most aluminum castings were made in the so-called 
No. 12 alloy (92Al:8Cu). This alloy has been almost completely succeeded by Nos. 
112 and 212 of Table 5. Number 112 is the better machining alloy, but No, 212 
makes better castings. Numbers 172 and 212 are particularly recommended for 
thin-sectioned castings. B113 and 0113 are recommended for permanent castings, 
as is also No. 122. This last alloy has good strength at elevated temperatures as 
compared with most of the aluminum alloys. Number 81 is recommended for smaller, 
comparatively simple die castings. 

All the above are aluminum-copper alloys. The aluminum-silicon alloys are 
probably better casting alloys than the aluminum copper. Their fluidity and 
freedom from heat shortness increase to about 12 per cent of silicon, which is the 
Aluminum Co.'s alloy No. 13, and is apparently the aluminum silicon eutectic. 

If the metal is melted under an alkaline fluoride flux, it is possible to obtain a 
silicon content higher than the normal eutectic composition, the castings having an 
extremely fine grain structure. This type of alloy is known as the ** modified” alloy. 
The result of the treatment is largely lost on remelting. 

The aluminum-silicon alloys were originally introduced by A. Pacz and are some- 
times known by his name. These alloys are sometimes known in Germany as Silumin 
and in France as Aladar, as well as being known from their inventor as Alpax. The 
12 per cent silicon alloy is reported as being used by the Germans as their chief piston 
alloy. 

Aluminum-magnesium alloys have good mechanical properties and are particularly 
resistent to corrosion and tarnish. Alloys 214, B214, and 218 are reobmmended by the 
Aluminum Co. of America as considerably superior to other omnmon sand-eastiiig 
alloys of aluminum. 
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Table 5. — Aluminxtm Alloys in Common Use 
(Alloy Numbers are those of the Aluminum Co. of America. Data largely furnished 
by Aluminum Co. of America) 
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Table 6. — Aluminum Allots in Common Use. — {Continued) 


AUoy 

No. 

■ 

Cu 






Fatigue 
limit, 
tons per 
sq. in. 

Ultimate 
tensile 
strength, 
tons per 
sq. in. 

Sp. gr., 
lb. per 
cu. in. 

A214 

PM 




3.8 

1.8 



13.6 

0.096 

B214 

SC PM 


1.8 


3.8 




10.0 


218 

D 




8.0 



9.0 

19.0 

0.091 

220 

SC 




10.0 



3.5 

22.5 

0.092 

A254 

D 









0.(y>6 

816 

D 


1.5 







0.097 

A334 

SC 

3.0 

4.0 


0.3 



4.3 

12.5 


355 

SC PM 

1.3 

6.0 


0.6 



4.3 

12.5-21.5 

0.097 

A355 

SC 

1.4 

5.0 

0.8 

0.5 


NiO.8 

4.3 

14.0 

0.099 

356 

SC PM 

0.2 

7.0 

0.1 

0.3 


FeO.4 

4. 0-4. 3 

14.0-20.0 

0.095 

406 

SC 



2.0 




2.8 

9.5 


505 

D 


0 A 




KU .r; 



0.101 

645 

SC 

g 

1 

1 

1 



3.8 

14.5 



sc — aand casting; W — wrought; PM — permanent mold casting; D — die casting. 

Ultimate tensile and fatigue limits depend on the heat-treatment and condition. The figures there- 
fore vary widely. The upper figure is usually at maximum hardness. Permanent mold castings have 
higher values than sand castings. 

« Will not age spontaneously; requires heat-treatment. 

^ Ages spontaneously. Fabricate or refrigerate immediately after quenching. 


English practice has largely developed around the use of aluminum-zinc alloys, 
which arc represented in Table 5 by alloys 112, CT13, A214, and 645. There has been 
prejudice in the United States against the use of the zinc alloys largely because of the 
labor difficulties of keeping high-zinc scrap separate from zinc-free material. 

The aluminum-nickel alloy (95.5 Al:4.5 Ni) is used for die castings. The 92 Al, 
4 Cu, Mg, 2 Ni is used for sand and permanent mold castings, particularly cylinder 
heads; it has a good strength at elevated temperatures and good bearing character- 
istics (alloy No. 142). This alloy is the one often referred to as the “ Y'' alloy of the 
English National Physical Laboratories. 

Melting Practice. — Aluminum and aluminum alloys are melted in various types 
of furnaces in practice, and there is really no standardized mode. In foundry prac- 
tice, light aluminum alloys have been melted in all types of furnaces that have been 
used for brass and bronze, and the iron-pot furnace, so widely used for melting 
so-called white metals, is the only one employed for aluminum alloys that is not 
used for brass and bronze. While a great variety of furnaces are in commercial use, 
as indicated, the iron-pot furnace is generally preferred for melting aluminum alloys 
in foundry practice and the reverberatory-type furnace for aluminum in rolling<*mill 
practice. The theoretical and practical aspects of aluminum and aluminum-alloy 
melting have been discussed at length by R. J. Anderson in published papers[37, 38, 
43, 50], which may be consulted for detailed information. 

One of the principal difficulties in aluminum and aluminum-alloy melting is the 
prevention of oxidation (dross) losses, and even with the best practice there is always 
considerable loss. In practice, the metal aud its alloys should be heated only to the 
required pouring temperature or a little higher, and '^soaking*’ of mdts should be 
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avoided. The pouring temperature for aluminum in casting rolling ingots is pref- 
erably 700 to 750°C., while in sand practice the pouring temperature may vary between 
700 and 800®C., depending upon the type of casting. 

Types of Furnaces and Operation.— In foundry practice, the following types of 
furnaces are employed in the United States: coal-, oil-, and gas-fired reverberatory 
furnaces; oil- and gas-fired stationary and tilting iron-pot furnaces; coal- and coke- 
fired stationary and tilting crucible furnaces; oil- and gas-fired open-flame tilting, 
rotating, and stationary furnaces ; and electric furnaces of several types. In general, 
ordinary brass-melting furnaces of various types have simply been adapted for 


Tablk 6.' -Typical Tensile Properties op Wrought Aluminum Alloys at 

Elevated Temperatures j; 

(Courtesy Aluminum Co. of America) 




Strength, 
lb. per sq. in. 

Elon- 

gation, 

% in 

2 in. 


Temp., 

°F. 

Strength, 
lb. per sq. in. 

l^on- 
gaiion, 
4 in 

2 hi. 

Yield 

Tensile 

Yield 

Tensile 

24S.T 

75 

45,000 

68,000 

22 


75 

5,000 

13,000 

45 


300 

35,000 

42,000 

21 


300 

3,500 

7,500 

65 


400 

23,000 

28,000 

25 


400 

3,000 

6,000 

70 


500 

10,000 

14,000 

40 


500 

2,000 

3,500 

85 


600 

6,000 

7,500 

65 


600 

1,500 

2,500 

90 


700 

3,500 

4,500 

100 


700 

1,000 

1,500 

95 

A51S-T 

75 

40,000 

47,000 

20 

112 

75 

14,000 

23,000 

1.5 


300 

15,000 

19,000 

28 


300 

24,000 

25,000 

1.5 





58 


400 

15,000 

19,000 

1.5 


500 

4,500 

5,500 

59 


500 

10,000 

15,000 

3.5 


600 

3,500 

4,500 



600 

4,500 

6,500 

20.0 


700 

3,000 

3,500 

65 






52S-T 

75 

33,000 

39,000 


122 

75 

30,000 

36,000 

1.0 


300 

22,000 

25,000 

17 

T-61 

300 

30,000 

35,000 

1.2 


400 



30 


400 

16,000 

22,000 

2.0 


500 





500 

5,000 

10,000 

6.0 


600 



75 


600 

4,500 

8,000 

14.0 


700 

2,000 

2,500 








aluminum-alloy melting, while in aluminum rolling-mill work reverberatory and open- 
fiame barrel-shaped furnaces have been largely employed. As indicated, the iron-pot 
furnace is preferred for melting aluminum alloys in founding, but open-flame furnaces 
are being used more widely than a few years ago. 

In small foundries, and in plants where only a minor part of the output is in 
aluminum alloys, pit or crucible furnaces are employed largely. The electric-furnace 
melting of aluminum and its light alloys is receiving considerable attention, and a few 
installations have been made. The tendency toward the employment of furnaces of 
large capacity, i.e., reverberatory and open-flame barrel furnaces, necessarily came 
through the enlargement of plant capacity. 

Turning to the question of oxidation losses on melting aluminum and its light 
alloys— when heated in air, aluminum oxidises to aluminum oxide, AljOt, and the 
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rate of oxidation increases rapidly with increadng temperatures. Hence, one of 
the cardinal rules in melting practice is that the melting temperature should be kept 

Table 7. — Comparative Mechanical, Electrical, and Other Properties of 

Aluminum and Copper^ 


Property 


Aluminum 


Copper 


Specific gravity 

Melting point, degrees Centigrade 

Specific heat (water « 1) at 20°C., calorie 

Specific thermal conductivity, calories per degp*ee Centi- 
grade, per square centimeter per centimeter 

Approximate relative heat conductivity (silver = 100 

per cent) 

Coefficient of linear expansion, per degree Centigrade. . . 
Tensile strength, hard -drawn wire (No. 10 S.w.g.) 

pounds per square inch 

Tensile strength, annealed wire (No. 10 S.w.g.), pounds 

per square inch 

Modulus of elasticity, pounds per square inch 

Specific resistance in microhms per cubic centimeter at 
20*^0.: 

Annealed 

Hard-drawn 

Specific resistance in microhms per cubic inch at 20®C. : 

Annealed 

Hard-drawn 

Ohms per mil-foot at 20°C. : 

Annealed 

Hard-drawn 

Resistance of solid conductor, 1,000 yd. long by 1 sq. in. 
cross-section, ohms: 

Annealed 

Hard-drawn 

Coefficient of increase of resistance with temperature, 

degree Centigrade 

Weight per 1,000 yd. by 1-sq. in. cross-section, pounds. . 
For hard-drawn conductors of equal resistance: 

Ratio of diameters 

Ratio of sectional areas 

Ratio of weight 

For hard-drawn conductors of equal temperature rise: 

Ratio of diameters 

Ratio of sectional areas 

Ratio of weight 


2.70± 

8.89± 

658.7 

1083 

0.214 

0.095 

0.504 

0.895 

50 

90 

0.000024 

0.000017 

26,000 

50,000 

14,000 

29,000 

10 X 10« 

17.6 X 10« 

2.8159 

1.7241 

2.8735 

1.7685 

1.1086 

0.6788 

1.1313 

0.6924 

16.939 

10.371 

17.285 

10.578 

0.0399 

0.0244 

0.0407 

0.0249 

0.00390 

0.00393 

3,510 

11,520 

1.28 

1.0 

1,64 

1.0 

0.6 

1.0 

1.18 

1.0 

1.39 

1.0 

0.424 

I.O 


* Aoeording to the British Aluminium Co., Ltd. 

low, and, moreover, heats should not be allowed to soak in the furnace. The oxidatton 
product resulting on melting is known as “dross,” and this ordinaiay eontains wme 



32 


N0NFERR0U8 METALLURGY 


mechanically entangled metal, the percentage depending upon the care used in 
skimming the melts. In addition to the temperature, the constitution of the furnace 
atmosphere in which the metal is melted is of great importance, because of inter- 
actions that take place. Thus, in addition to reacting with oxygen, aluminum 
reacts with nitrogen at normal melting temperature, forming aluminum nitride, 
and this appears in the dross. Hence, when a furnace is operated with a great excess 
air supply, the dross loss is necessarily high. 



Fig. 11. — Stationary iron-pot furnaces in a foundry. 


Alloying Practice. — Prior to the production of any kind of aluminum -alloy manu- 
factures, it is first necessary to prepare the required alloys, and, in practice, the alloys 
may be prepared and used immediately or they nmy be prepared and cast into pig 
form for subsequent remelting. As a rule, founders prefer to make up the alloys 
as required rather than to purchase prepared alloys. Primary aluminum alloys 
of definite compositions are sold in ingot fonn for casting purposes, and a tremendous 
tonnage of secondary aluminum-alloy pig is made and sold. Primary aluminum 
alloys, whether pigged or used directly for casting, are made up by adding the alloying 
metal or metals to aluminum in a melting operation, while secondary aluminum 
alloys are made by running down scrap aluminum and aluminum alloys. 

Foundry practice in making up alloys for casting varies considerably, and melting 
charges may consist of the following: (1) all-primary aluminum pig plus the necessary 
alloying metal, or intermediate alloy required for introducing the additive metal, 
plus foundry scrap or not; (2) primary aluminum-alloy pig plus foundry scrap; (3) 
primary aluminum, intermediate aluminum alloy, foundry scrap, and secondary metal; 
(4) all secondary metal plus foundry scrap. Other combinations have been employed, 
and these will readily suggest themselves. In making aluminum-copper alloys, it is 
usual to make a fixed addition of copper to the aluminum by the use o! the intermediate 
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foundry practice as hardener. ” Pure copper and 33 : 67 and 60 : 40 copper-aluminum 
alloys are also employed. The preferred order of adding alloying elements to alumi- 
num is copper^ silicon, iron, amnganese, and magnesium. 

Iron may be introduced into aluminum alloys by the use of light scrap tin plate or 
ferroaluminum, although the avoidance of iron is usually a more important probl^ 
than its addition, while magnesium is best added in small pieces as pure magnesium, 
using a perforated crucible or ^'phosphorizer** for containing the metal. Manganese 
additions are usually made with 25:75 manganese-aluminum alloy, and nickel as 
light sheet nickel or 20:80 nickel-aluminum alloy. Silicon is added preferably by 
using the 50 : 50 silicon-aluminum alloy. Zinc, tin, and other low-melting-point metals 
are added as such. An intermediate alloy is essential when high-melting-point metals 
are to be alloyed, and the employment of these intermediate alloys is a great con- 
venience. Most of them are brittle and can be weighed with accuracy, and their 
melting points are low, so that the additive metal can be introduced readily without 
long or high heating. Manganese may also be introduced by the use of manganese 
chloride in the flux. Zinc chloride in small amount is used extensively in melting and 
alloying practice for aluminum and its light alloys, with the object of cleaning and 
fluxing the melts. It is efiicacious for the purpose. [59]. 

Secondary Aluminum and Aluminum Alloys.— Secondary aluminum is produced 
by remelting aluminum scraps and is used largely for remelting in foundry practice 
for making alloys, although some secondary metal is employed for the production 
of aluminum rolling ingots. Secondary aluminum alloys are made by remelting 
aluminum and aluminum-alloy scraps, and such alloys are used largely in foundry 
practice. In the remelting of aluminum-bearing scraps no refining can be done, 
as in the case of copper, and, consequently, secondary aluminum and aluminum 
alloys arc normally less pure than the corresponding primary materials. The usual 
impurities found in secondary aluminum include copper, iron, silicon, manganese, 
and zinc, while secondary aluminum-alloy pig, say No. 12 alloy, may contain iron, 
silicon, manganese, magnesium, tin, and zinc, in addition to copper. 

While all sorts of aluminum scraps are utilized in making the secondary metals and 
alloys — including aluminum dross and skimmings, aluminum rolling-mill scrap, 
aluminum fabricating scrap, particularly from utensil plants, and the corresponding 
aluminum-alloy scraps — the bulk of the secondary aluminum-alloy pig is produced by 
smelting aluminum-alloy machinings from aircraft and ordnance plants. (Consider- 
able heavy aluminum-alloy scrap results from the junking of old motor cars, and this 
makes good material for remeliing. In machining castings, about 25 per cent of the 
weight is removed. In cutting and working sheet aluminum, about 20 per cent 
ordinarily goes into scrap. Considerable amounts of aluminum dross and aluminum- 
alloy dross are smelted in secondary practice. In drosses, the content of metalUcs 
may run 5 to 60 per cent, depending upon conditions, and the recovery on smelting 
varies from 40 to 75 per cent. The recovery on smelting borings may be 40 to 90 per 
cent of the metal charged, and 80 per cent is good recovery on dirty borings. Recov- 
ery naturally depends upon the quality and size of borings, t.c,, as to whether the 
chips are oily, dirty, or clean, and whether large or small[67]. 

A recent proposal for scrap treatment has been put out by the Aluminum Co. 
of America. Aluminum aircraft scrap is to be introduced in a bath of sodium hydrox- 
ide which will dissolve the aluminum, and the solution is to be treated by the Bayer 
process, leaving everything else behind. G, C. Riddell has put forth the objection 
that zinc would also dissolve, thus contaminating the solution. The proposal was to 
treat it as an ordinary Bayer-process liquer. 

The question of fluxes to be used in secondary aluminum work is of great impot* 
tance, and a great number have been suggested, although only a lew have 



34 


N0NFERR0U8 METALLURGY 


extensively employed in practice. The object in using a flux is to reduce oxidation loss 
on melting and to cause coalescence of the metal, particularly when melting fine scraps, 
like borings, and drosses. In practice, the 85:15 sodium chloride^calcium fluoride 
flux is used most generally, but sine chloride, several special mixtures of alkali fluorides, 
and cryolite are also employed. As indicated, the methods of smelting are varied, 
and all sorts of methods have been suggested. Heavy scrap can be readily melted with 
little loss, but special methods are necessary in smelting drosses, borings, and fine 
scraps. In running borings and drosses, the materials are often charged to a liquid 
heel in a crucible furnace with a flux, and the mass puddled to ensure coalescence of the 
melted globules, while recently the practice of puddling and working such materials 
in large reverberatory-type furnaces has gained ground. Drosses are normally 
crushed and screened to remove aluminum oxide before smelting, while i borings 
should be run over a magnetic separator to remove included iron chips. Light scrap, 
like that from utensil fabrication, may be economicaUy baled before smelting.l 

Aluminum Foundry Practice. — Cast-iron crucibles are very largely used iuljalumi- 
num foundries. The crucible should be completely emptied each day (and\ some- 
times oftener) and a wash given with a suspension of 7 lb. of whiting per gaiSon of 
water. Superior adhesion of the whiting to the metal can be obtained by adding 4 or 
5 oz. of sodium silicate to each gallon of the mixture. 

Graphite and clay crucibles are sometimes used, particularly if aluminum-silicon 
or aluminum-magnesium alloys are to be made, as their use minimizes any iron 
pickup. On the other hand, the molten metal has a tendency to pick up silicon if 
there is any in the crucible. Covers should be used on all crucibles in order to mini- 
mize the absorption of gas from the products of combustion. 

It is impossible to judge the temperature of molten aluminum by its color as can 
be done with some other metals, so that some form of pyrometric control must be used. 

Some good advice was contained in a paper on recommended practice for casting 
sponsored by the Aluminum and Magnesium Committee on Sand Castings of the 
American Foundrymen’s Association, read at the annual meeting in St. Louis in 1944. 
Aluminum should be poured at the lowest temperature at which the casting will run 
and allow air bubbles and dross to escape from the metal. Melting temperature 
should also be kept low to prevent the formation of oxide and the absorption of furnace 
gases. Agitation of the molten metal either in the furnace or while being taken to the 
mold increases oxide formation and gas absorption. Continual skimming of the 
ladle increases the loss as oxide, since each time the protective coating is removed a 
new one forms. If the metal must be stirred, it should be done from the bottom 
upward, disturbing the surface as little as possible. Pouring time should be kept as 
short and with as few breaks as possible. The ladle should be kept as close to the 
sprue as possible, as too great a pouring height results in dross and trapped air in the 
final casting. 

In general, temperatures in excess of 1300®F. for metal melted in direct-flame 
furnaces and 1500®F. for metal melted in indirect-flame furnaces are to be avoided. 
Metal that has been heated at too high a temperature and that has as a result absorbed 
too much gas does not give this out again even on prolonged standing, and metal 
that has become thoroughly gassed should be poured into ingots and remelted. 

Molding Sand and Core Sands. — For green sand work a clay-bonded sand free 
from organic matter and falling within the A.F.A. classification IG to 2G should be 
tised. The finer sand is best for small benchwork and the coarser sand for floor work. 
A typical Albany sand has the following analysis: loss on ignition, 1.95; SiO*, 80.52; 
FeaOt, 4.83; Al*Oj, 8.39; CaO, 0.67, MgO, 0.64; alkalis, 2.7. Sand of the above 
type mixed with 6 to 8 per cent water and lightly rammed gives a good surface to the 
castings and is open enough to permit the escape of the mold gases. Cores are made 
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of silica sand and sometimes molding sand held together with linseed or tung oil, while 
resin, dextrin, flour, or combinations of these materials are used. A table furnished 
by the Aluminum Co. of America gives some typical mixes. An interesting basis 
for the classification of foundry sands will be found in a footnote on pages 62 to 63. 
In general, aluminum foundry sand should fall in the classification IG to 2G. 

A notable grain refinement can be produced in aluminum by the use of small 
quantities of columbium and titanium. In the case of columbium ?ioo to 
cent produces good results. With titanium up to iJloo per cent can be profitably 
used. Too much must not be used, for if Ko pcr cent of either of these elements is 
used the results become distinctly detrimental [75]. 

Apart from the solid fluxes such as the chlorides and fluorides, nitrogen gas and 
chlorine gas are also used in aluminum foundry practice. They arc usually piped to 


Table 8. — Typical Core Sand Mixes for Aluminum- alloy Castings 




Physical properties 


Sands, parts by volume 

Binders, parts 
by volume 

Approx. 

A.F.A. 

permea- 

bility 

Approx. 

A.F.A. 

com- 
pressive 
strength, 
lb. per 
sq, in. 

General use 

50 Bank sand 

50 Washed silica sand* 

1 Oil base 

1 Dextrin base 
(dry bond) 

50 

200 

Small to medium 
castings requiring 
very smooth sur- 
faces 

100 Washed silica sand** 

1 Oil base 

1}4 Dextrin 
base (green 
bond) 

150 

550 

Jacket cores and 
cores with thin sec- 
tions 

66 sharp sand 

34 Bank sand 

IJ^ Oil base 

85 

350 

General runs of small 

cores 

37 Bank sand 

63 Burned core sand 

2 Pitch base 

40 

100 

Large body and hous- 
ing cores 

25 Bank sand 

63 Burned core sand 

12 Molding sand 

3 Dextrin base 
(dry bond) 

25 

325 

Side cores in contact 
with metal on one 
side only 


Sand Characteristics 


Sand Grain shape Grain fineness 


Bank sand 

Washed silica sand 
Washed silica sand 

Sharp sand 

Molding sand. .... 


Subangular 

90 

Rounded 

85 

Rounded 

65 

Angular 

55 

Subangular 

270 


* Qrain Sneness, 86. 

* Qiain fineness, 66. 
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the bottom of the melting pot and allowed to bubble gently up through the metal. 
These gases must be free from water vapor, hydrogen, or oxygen. 

If solid fluxes are used, the required amount can be determined by sprinkling a 
small quantity of the flux on the molten metal, stirring it into the dross, and con- 
tinuing to stir in small amounts until the dross becomes powdery and granular, in 
which state it can be readily removed with a perforated skimmer. 

Gates and Risers. — The gates and risers used in aluminum castings are much 
larger than those used in other nonferrous work. As laid down by the Aluminum Co. 
of America, castings should be gated and fed in such a way as to provide a sequence of 
solidification that ensures an adequate supply of molten metal to feed each section as 
it solidifies. The solidification should start at points furthest removed 
gating area and proceed progressively to the risers which provide liquid met 
care of the shrinkage. 

Casting Defects. — Of the various defects that may occur in sand castings 
num alloys, the three most frequent and important are: (1) blowholes, pomsitj , sr.d 
general unsoundness; (2) hard inclusions; and (3) cracks. IMowholeg ar#' eaused 
primarily by too high melting and pouring temperatures, end can be \tirrz\y prevented, 
but general unsoundness is more difficult to overcome. As a r aluminuin-aDoy 
sand castings tend to be unsound, and in practice it is notte^^rtary to make tests on 
inspection, in certain types of castings, for porosity and related defects. 

The usual method employed for detecting general or local ix)rosity in such castings 
as crankcases, oil pans, manifolds, etc., is the open test with a solution of methylene 
blue in gasoline. In the test, this liquid is painted or smeared on the casting, and if 
the part is porous, the solution will seep through and show on the other side. Air- 
pressure, water-pressure, and steam-pressure tests are also applied, particularly to 
hollow castings, for detecting porosity and leaks. Porous castings may be treated, 
i.e.j the porosity closed, by several methods, of which the sodium silicate method is 
the one most commonly employed. In this, the castings arc first soaked in concen- 
trated (40®B6., 1.38 sp. gr.) sodium silicate solution for an hour, then immerstyd for 
1 to 2 min. in dilute sulphuric acid (25 per cent), and then washed in water. I'hc 
casting is then dried at about ]00°C. for at least 1 hr. Impregnation with lung oil is 
also practiced. Porous castings may also be treated with bakelite[32]. 

The occurrence of hard inclusions, f.e., the so-called **hard spots” of foundry par- 
lance, in aluminum-alloy castings is of interest and importance to founders and users 
of parts. In some cases, the percentage of machine-shop returns, owing to rejec- 
tions because of hard inclusions, may be high and be the cause of considerable loss. 
Hard inclusions differ so widely in character that the term “hard spots” is only 
roughly descriptive, but hard spots are ordinarily defined as any kind of metallic 
or nonmetallic inclusions that cause difficulty on machining or iK)lishing. When a 
machine tool strikes a hard inclusion, its edges are quickly dulled and rendered unfit 
for cutting. All hard inclusions may be divided into two classes, W 2 ., (1) nonmetallic 
inclusions and (2) metallic inclusions. Under the former are included all hard, 
foreign, nonmetallic particles, such as pieces of brick or cement, chunks of crucibles, 
core sand and molding sand, and hard clay, that may be charged with the melting 
stock. Metallic hard inclusions are generally traceable to iron and are due to actual 
iron or steel, such as nails, core v/ire, chaplets, or chills, charged into the furnace, or 
to the hard intermetallic compound FeAls caused by the dissolution of iron or high 
iron in the melt. The subject of hard inclusions in aluminum-alloy castings has been 
discussed at length by the writer[45]. They can be practically entirely prevented by 
clean melting practice. 

Cracks in aluminum-alloy castings constitute the most serious defect encountered 
in founding, and if the average casting loss is taken as 10 per cent, the wasters because 
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of cracks amount to 2 per cent of the castings poured^ or 20 per cent of the total 
defectives. The usual commercial aluminum alloys are subject to cracking when 
poured into molds^ owing to their large contraction in volume on freezing and their 
hot-shortness, and, so long as complicated castings are made, cracks must be expected 
in production. Some of the principal factors affecting the occurrence of cracks are 
the composition of the alloy; the method of molding; and the design of the castings, 
particularly as to thick and thin sections in contiguity. In general, the less the con- 
traction in volume of the alloys, the less the cracking. The silicon-bearing aluminum 
alloys are particularly good for casting, since they have little tendency to crack-— 
their contraction in volume is relatively low as compared with the other alloys. 
The causes of, and methods for the prevention of, cracks have been discussed by the 
writer in another place[53], where detailed information will be found. 

Die Casting and Permanent-mold Casting. — Aluminum-alloy castings are made 
in large quantity by two other processes than sand casting, we., by die casting and 
permanent-mold casting, but this subject does not appear to fall within the scope of 
this book. 

Forging. — Aluminum and its alloys crack and blister when forged at too high a 
temperature. The maximum tc'mperatures at which forging should be carried on are 
as follows: 14S, 17S, 70S, 840®F.; 18S, 73S, 820‘^F.; A51S, 53S, 880°F,; 26S, 860°F.; 
32S, 800®F. The upsetter heat for 14S is 800 to 900°F’. The upsetter heat for 32S is 
880 to 900°F. 

Heat-treatment. — Both wrought and cast aluminum alloys are heat-treated com- 
mercially, and a wide field has thus been opened. Worked aluminum is annealed, 
as are the alloys, for the purpose of softening, and some cast alloys are annealed to 
release casting strains. Aluminum-alloy pistons are annealed to overcome growth 
and distortion. That alloys of the duralumin type are heat-treatable has been known 
since the investigations of Wilm in 1903, and the phenomena involved are common to 
many alloys. In a general way, the heat-treatability of aluminum alloys is due to 
the varying solubility of metallographic constituents with temperature, c.( 7 ., CuAlj 
in aluminum-copper alloys and duralumin and Mg 2 Si in duralumin. When such 
alloys arc heated to moderately high temperature, e.g., 500®C., more of the constit- 
uents go into solution, and, when quenched, these constituents at first remain in 
solution but on standing precipitate out in particles of very high dispersion. Conse- 
quently, hardening and strengthening ensue. 

Worked aluminum and aluminum alloys are softened by simple anneal at 350 to 
500®C., depending upon the amount of reduction and the time period of anneal. 
Certain cast aluminum alloys, c.flf., 95:5 ahiminum-copper alloy, are suitable for 
quenching heat-treatment, and this is now being employed somewhat in practice for 
enhancing the properties of sand castings. The strength of the rolled and annealed 
95:5 aluminum-copper alloy is increased from about 27,000 to 52,000 lb. per sq. in. 
by quenching and aging. When duralumin is quenched from about 500®C., it is soft 
and ductile^ but on aging at the ordinary temperature for a few days the hardness 
and strength increase markedly while the elongation falls off. The aging may be 
accelerated by heating at 100 to 200®C. for 1 to 5 hr. The heat-treatment of duralu- 
min has been discussed by a number of workers, including Merica and his coUabora- 
torsI33a], HansonlSfi], Rosenhain[56] ei al, Konno[42], Knerr[48], and m^y others* 
The hardening and strengthening on heat-treatment are due to the precipitation of 
CuAl 2 and MgjSi. In practice, heat-treatment is applied princip^y to worked 
duralumin, and the heating is carried out under'^'Sareful pyrOmetric control in any 
suitable furnace* The quenching medium may be cold water, boiling water, or oil* 
Parts may be heated for quenching in a salt bath, t.e.i, a mixture of potassium and 
aodium nitrates. Since quenched duraluxmn is soft, the material may be quenche^! 
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in water, then immediately worked to the required shape, and then allowed to age. 
Zinc duralumin is heat-treatable, as is the 92,5:4:1.6:2 aluminum^opper-magne- 
sium-nickel alloy. Heat-treated duralumins have been used very largely in aircraft 
construction, though more abroad than in the United States. 

Soldering and Welding. — The soldering of aluminum and aluminum alloys has 
attracted a great deal of interest on the part of laymen, and many patents have been 
taken out for solders and soldering fluxes purported to be suitable for joining alumi- 
num and aluminum-alloy parts. Most of these are entirely useless. Aluminum 
parts can be soldered together fairly easily, provided the proper precautions are 
taken, but in all cases, irrespective of the solder employed, the joint is not permanent 
and fails after a short time on exposure to moisture or humid atmospheres. (Joints 
fail because all the metals used in solders are electronegative to aluminum, hnd in 
the presence of water galvanic couples are formed, so that disintegration takes place 
by electrolytic corrosion. Soldering should never be done if the joint is to be e^osed 
to moisture or if it must withstand stresses. Soldering may be regarded as sa^sfac- 
tory if it is desired simply ^Ho stick parts together and no permanence is required. 
While welding is the only method to be recommended for joining aluminum and 
aluminum-alloy parts where the joint is exposed to the weather or must be strong, 
still in practice it is often desired to solder, e.g., in repairing slight defects in castings 
or in making small repairs on aluminum parts. The essential features of soldering 
and welding are discussed briefly below. 

The limitations of soldering aluminum and its alloys have been thoroughly dis- 
cussed[63], and soldering should certainly have very limited application in aluminum 
work, and it never should be used for the assembly of structures. Aluminum solders 
usually consist of low-melting-point alloys of zinc, tin, and aluminum, although many 
complex alloys have been suggested, containing copper, lead, iron, bismuth, antimony, 
and other metals in addition. The function of metals other than zinc, tin, and alumi- 
num in a solder is not clear, and practically any other added metal is of no use, if not 
harmful. Most commercial aluminum solders that are useful contain 40 to 80 per 
cent tin, 10 to 50 per cent zinc, and 0 to 10 per cent aluminum, and the melting range 
is about 200 to 500°C. Their strength is 6,000 to 14,000 lb. per sq. in. and elongation 
2 to 20 per cent. A ductile solder is desirable, and the presence of copper or antimony, 
or excess of aluminum, which causes brittleness, is to be avoided. Normally, the 
strength of soldered joints is not equal to the strength of the solder, and failure may 
occur through the solder and at the joint on breaking. 

While various fluxes are recommended for soldering, these are unnecessary, and 
soldering may be conveniently carried out as follows: The surfaces to be soldered 
are carefully cleaned with a file or emery paper, and are then “tinned or coated with 
a layer of the solder by heating the surface and rubbing the solder into it. The joint 
between the “tinned^' surfaces is then made in the ordinary way with a soldering iron 
and the solder. In giving the preliminary coat of “tin ” to the surface, the solder may 
be rubbed in thoroughly with a wire scratch brush. Soldering may also be carried 
out by first electroplating the surfaces, and the joint depends upon the firmness with 
which the electrodeposited metal adheres to the aluminum. Copper plating is some- 
times used. Where soldering is done directly without electroplating, the effective- 
ness of the joint depends upon the adhesion between the aluminum and the initial 
layer of solder. 

As indicated, the applications of soldering to aluminum and its alloys are limited 
Soldermg should never be used for structural assembly, but it is useful for making, 
repairs on defective castings in the fonndryl631, in filling up small holes, blows, 
draws, etc. It shoud not be applied in building up large bosses or lugs, but is not 
dangerous for patching small defects that mar the appearance of an otherwise good 
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casting. The best solders are tin-zinc and tm-zinc-aluminum alloys; in the former, the 
composition is 15 to 50 per cent zinc and the remainder tin, and in the latter the 
composition is 5 to 12 per cent aluminum, 8 to 15 per cent zinc, and the remainder 
tin. 

Autogenous welding by an oxygas method is employed extensively in the aluminum 
industry for making joints of substantially pure aluminum and aluminum alloys, for 
the assembly of structures, and for making repairs and salvaging castings. Aluminum 
sheet is welded in building up tanks and vessels for the chemical industry, and when 
sheets are joined, butt welding by the oxyacetylene or other oxygas process is suit- 
able except in very light gage sheet where the edges are lap- or flange-welded. The 
oxygas process of welding the light aluminum alloys causes actual alloying of the parts 
to be joined and the welding material, and a fairly solid alloy can be obtained at the 
juncture if proper precautions are observed. In the assembly of structures, a number 
of methods, such as riveting, folding, sewing, doweling, and the like, have been 
replaced by welding. Autogenous welding consists in heating the two parts to be 
joined and then running liquid metal in at the juncture. In welding aluminum, it is 
useful to use an aluminum wire as the welding material, while for the light alloys a 
stick or rod of the same composition as the alloys is employed. In welding, the princi- 
pal difficulty encountered is the removal of the aluminum oxide from the surfaces to 
be joined and in practice this is accomplished by chemical (fluxes) or mechanical 
(puddling) means. Electric-resistance and electric-arc welding are used for aluminum 
and its alloys in addition to the oxygas process. Particularly has aircraft work made 
use of spot welding, but this is a subject for a book in itself. 

Many salts and mixtures of salts have been suggested for welding fluxes, but a 
flux that will dissolve aluminum oxide is required. The most suitable fluxes are mix- 
tures of alkali fluorides and chlorides as patented by Schoop[76]. A good flux for weld- 
ing consists of 0.124 lb. potassium carbonate, 0.33 lb. lithium fluoride, 2.53 lb. sodium 
chloride, and 3.0 lb. potassium chloride. While fluxes are generally used in welding 
aluminum, they are not favored in American practice for repairing castings, and in 
such work the aluminum oxide film is broken down mechanically by a puddling rod. 
Oxyhydrogen and oxyacetylene welding are done on both aluminum and its alloys, and 
the former is probably preferable. In welding aluminum sheet, c.g., building tanks, 
butt welding is suitable and a feeder of aluminum wire is used. The surfaces to be 
joined are heated, and the wire covered with flux is melted in the torch and run into 
place, being puddled down and smoothed off. Welding thin stock requires consider- 
able skill. 

The repair of aluminum-alloy castings is usually done by oxyacetylene welding, 
using no flux, with a welding stick of the same composition as the castings. For small 
welds, the casting should be preheated with the torch over a considerable area in the 
vicinity of the spot to be welded, but for large welds and even small welds on compli- 
cated castings it is best to heat the entire casting to 300 to 450®C, in a preheater. 
The stock in the vicinity of the place to be welded is melted down with the torch, and 
the hole so made is filled with liquid alloy from the welding rod, also melted by the 
torch. The metal is then puddled and poked with an iron rod until a pool is formed 
which ensures thorough alloying with the body of the casting. The operation should 
be conducted rapidly, and excess alloy is scraped off while stUl pasty. Large castings 
should be cooled slowly in the furnace or in hot ashes after welding to avoid cracking. 
Heat-treated duralumin parts are welded in aircraft assemblies, and such welds shoxild 
be heat-treated. 

Several extensive bibliographies on aluminum and aluminum alloys ^ve been 
published, and following are a few selected references to some of the more important 
pul^cations on the subject. These will serve as a guide to the literature* 
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MAGNESIUM AND BERYLLIUM 

By Donald M. Liddell^ 

Introduction. — Magnesium is the lightest metal of the alkali-earth divisioi of the 
second group and the lightest metal employed for engineering purposes of constriction. 
Its specific gravity is 1.74, Magnesium was little used in the United States {irior to 
1914, and its large-scale production began in 1915 when German imports were shut off. 
Its development during the present war has been one of the outstanding metallurgical 
developments of the period. It is probable its use was about sixty times as great in 
1943 as it was in 1938, say 390,000,000 lb. as compared with 6,000,000. 

Historical Survey.— In 1808, Davy first made magnesium by the reduction of 
magnesium oxide with potassium vapor and also by the electrolysis of anhydrous 
magnesium chloride, but the metal obtained was very impure. In 1830, Bussy 
made magnesium by reduction of anhydrous magnesium chloride with potassium, and 
in 1852 Bunsen prepared it by electrolysis of the anhydrous chloride in a porcelain 
crucible, using a carbon anode and cathode. In 1856, Matthiessen produced the 
metal by electrolysis of a liquid (fused) mixture of magnesium chloride and potassium 
chloride (4:3) plus a little ammonium chloride. The first industrial production was 
undertaken in France by Deville and Caron in 1863. Their process entailed reduction 
of a mixture of anhydrous magnesium chloride and calcium fluoride by metallic 
sodium, using closed iron crucibles as the containing vessels. Deville showed also 
at this time that magnesium could be distilled in an atmosphere of hydrogen, and he 
prepared very pure metal by this process. 

Later, Sonstadt introduced improvements in the Devill e-Caron process, whereby 
the metal was made by reduction of a mixture of magnesium chloride and sodium 
chloride with sodium in iron retorts, followed by distillation of the resulting impure 
metal. In 1885, von Piittner produced magnesium by a process closely resembling 
zinc retorting. In the process, a magnesium mineral (c.g., magnesite) is first converted 
to the oxide, and this is reduced by carbon in heated retorts, the reduced magnesium 
distilling and being condensed, A number of patents were taken out after 1880 for 
processes specifying electrolysis of magnesium salts, both aqueous and fused, and for 
the reduction of magnesium compounds to metal by carbon, aluminum, etc., but these 
cannot be considered here. In the ordinary electrolytic process, which was developed 
in Germany and which supplanted Sonstadt’s method, an anhydrous fused electrolyte 
having the composition MgCL.KCl.NaCl (or other mixture of the three chlorides) 
is electrolyzed in iron cells using carbon anodes, the iron of the cells forming the 
cathode. In this process, the magnesium is dissociated by the current, floats on top 
of the bath, and is ladled off. This was the principal process employed in Germany 
prior to the war, and the same process or a modification thereof is still employed 
by several producers. The tost production in the United States was apparently by a 
company that existed in Boston from 1865-1892 and which used the Sonstadt method, 
but it was a small production chiefly for flashlight purposes. The first production on 

> Coamiltiaf metallurgieid engineer, New York, 
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a large scale in the United States was probably by Cunniff Bros, (the Humford Metal 
Co.), at Rumford Falls, Me., in 1914-1915, using electrolysis of the fused chloride* 

In the interval between the First and Second World Wars a process was developed 
for the electrolysis of magnesium oxide dissolved in a fluoride bath (strictly analogous 
to the Hall-H6roult process for the production of aluminum), and this period also was 
marked by the rise of processes depending on the reduction of magnesium oxide by 
carbon, by carbides, silicides, and aluminum; these new processes will be described 
in some detail further on. 

Magnesium Sources, Ores and Minerals. — The ores, or raw materials, for the 
production of magnesium are extremely widely distributed, and magnesium is the 
fifth most abundant metal in the earth, following silicon, aluminum, iron, and calcium 
in the order named. Magnesium constitutes 2.24 per cent of the earth^s crust (Clarke) . 
Unlike aluminum^mineral deposits, which are found only fairly frequently in suitable 
composition and tonnage for the production of aluminum by electrolytic processes, 
magnesium depc^sits, notably magnesite and dolomite, occur in large amounts, widely 
distributed, and of suitable quality for magnesium production. Magnesium salts, 
notably the chloride, double chlorides, and sulphate, are found in salt beds and are 
constituents of saline springs, salt lakes, and the ocean. 

Magiuisium is never found native. Table 1 shows the chief sources of magnesium. 

Table 1. — Magnesium Content op Various Sources op the Metal 


Mineral 

Composition 

Approximate per 
cent magnesium 

Dolomite 

MgCOs-CaCOa 

13 

Serpentine 

3Mg.2Si0..2Hj0 

25 

Olivine 

(Mg, Pe)sSi04 

28 

Magnesite 

MgCO, 

28 

Bnicite 

Mg(OH), 

41 

Hydromagnesite. 

3MgC0,.Mg(0H)8.3H*0 

26 

Kieserite 

MgSO^-HjO 

14 

Kainite 

MgSO..KC1.3HsO 

9 

Camallite 

Mgas.KCl.6HjO 

8.7 

Langbeinite 

2 MgS 04 .KsS 04 

11 

Spinel 

MgAlsO. 

17 

Talc 

HjMgsSi.Ois 

20.7-^26.9 

Serpentine 

Sea water 

Brines 

H,Mg,SisO. 

26 

.13 

Variable 


In igneous rocks, magnesium is represented by amphiboles, micas, pyroxenes, and 
olivine. Talc, chlorite, and serpentine are common magnesium silicates, and dolomite 
is frequently found in enormous mountain masses. Magn^ite is mined in Australia, 
Austria, Hungary, Chechoslovakia, British India, Canada, Greece, Italy, Spain, 
South Africa, and in the Pacific coast states of California and Washington. Dolomite 
is mined in California, Colorado, lUinois, Ohio, Pennsylvania, and West Virginia, and 
various foreign countries. The sulphate (MgSOi.THiO) is one of the prmcipal saline 
constituents of many springs. There is a peculiar deposit of pure magnesium sulphate 
at Basque, B. C., and this salt is obtained commercially from a dry-lake deposit near 
Oroville, Wash., and from the bitterns of certain CaUfornia salt works. Massive 
magnesium fluoride is mined in Italy. 
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In oceanic salts, magnesium chloride makes up about 11 per cent of the total salt 
content, and oceanic water contains about one-eighth per cent magnesium, so that at 
100 per cent recovery, it would require about 200,000 gal. of sea water to produce 
1 ton of metallic magnesium. Magnesium-bearing bitterns are found at San Mateo, 
Calif.; Syracuse, N. Y.; Pomeroy, Ohio; Hartford, W. Va.; in the Saginaw Valley of 
Michigan, notably at Midland; in Colombia; in Germany; and elsewhere. The 
magnesium content of some inland salt lakes is high, notably Great Salt Lake, Utah, 
which contains 0.56 per cent magnesium. Houghton liake, at Dana, Saskatchewan, is 
underlain by a 1 ft. thick layer of salts, chiefly magnesium sulphate and sodium 
sulphate. The principal and most famous salt^bed deposits containing magnesium 
minerals are the great Staasfurt salt beds in Germany (Magdeburg-Hallfcrstadt 
region). The principal magnesium-bearing minerals of these beds are catoallite, 
MgCl2.KCl.6H2O, bischofite, MgCla.flHjO, and tachydrite, 2Mg(^2.CaCl2.\2H20. 
Magnesium-bearing salt beds also occur in Spain, Alsace, and the United states. 

While minerals and ores of magnesium are abundant, in practice raw materials for 
production of the metal are obtained from only a few sources. These are anhydrous 
sodium-magnesium chloride, left after extraction of salt and bromine from brines at 
Midland and Ludington, Mich.; carnallite from Stassfurt; magnesite (notably from 
California) ; and magnesium carbonate, precipitated from dolomite, and some experi- 
mental production from olivine. Magnesium is made from magnesium oxide obtained 
from sea water in the United States, Great Britain, Italy, and Japan. Magnesium 
chloride is a by-product of the pr(‘paration of potassium salts in Germany and in New 
Mexico and can be made very cheaply. The magnesium content of magnesite as 
mined averages 25 per cent and that of eaniallite 8 per cent. 

Production of Magnesium. — Many processes for the production of magnesium 
have been patented, suggested, or actually used commercially. All these cannot be 
taken up here, but the following type processes may be mentioned: (I) reduction of 
magnesium compounds by a metal, e.g.^ reduction of anhydrous fused magnesium 
chloride with sodium, or of magnesium oxide with aluminum; (2) reduction of mag- 
nesium oxide by carbon, followed by sublimation and condensation of the metal; ( 3 ) 
reduction by ferrosilicon or related compounds; ( 4 ) electrolysis of anhydrous mag- 
nesium chloride or a mixture of magnesium chloride and another chloride (sodium or 
potassium chloride, or both) in the fused condition; ( 5 ) electrolysis of magnesium 
oxide dissolved in a suitable fused bath, e.g.y in magnesium fluorid(^, in a manner 
similar to the Hall-H6roult aluminum process; (6) electrolysis of aqueous solutions of 
magnesium salts; ( 7 ) electrolysis of magnesium sulphide in a suitable fused bath. 

The first process, t.e., reduction of magnesium chloride by sodium, has been used 
commercially, but it is out of the question for commercial production now, involving 
as it does the use of electrolytic sodium. The second process, involving carbon reduc- 
tion, forms the basis of important plants producing about 4 per cent of the United 
States production [ 71 .^ The ferrosilicon reduction process is used by the Ford Motor 
Co. in Michigan, Magnesium Reduction Co., Luckey, Ohio (National Lead sul>8idiary), 
the Permanente Metals Corp. in California, and the New England Lime Co, in Con- 
necticutJ 40 ], and will be used by the Electro Metallurgical Corp. and the American 
Metal Co. and is apparently producing about 24 per cent of the United States produc- 
tion [ 57 ]. The fourth process, Lc., electroly.sis of fused salt mixtures high in anhydrous 
magnesium chloride, is largely employed at the present time, and this process is used 
by the Dow Chemical Co. and others to produce about 72 per cent of the United 
States production [ 57 ], by the Chemische Fabrik Greisheim-Elektron, and by the 
Magnesium Co. in England. The Mathieson Alkali Works plant at Lake Charles, 
La., and the Union Potash plant at Austin, Tex., will work on electrolytic methods, as 

> Referenow are to bibliography at the end of the chapter. 
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will that of the Diamond Alkali Co. at Painesville, OhioI36]. The fifth process is 
analogous to the aluminum-reduction process and was developed and employed by 
the American Magnesium Corp., but apparently is not used at present. The sixth 
process is technically unsound because of the high electrolytic-solution pressure of 
the metal (Eh 4-1.55 volts). The seventh process appears feasible but not 
been used commercially. 

The earlier methods for the production of magnesium have been described in pub- 
lished papers by Tucker and Jouard[2], Grosvenor[4], Phalen[10], Flusin[14], Allen[18], 
Boynton and his coworkers[19], Fedotieff[21], Miyake and Butts[28], Harvey[3oj, 
and others, and in many patents, e.g.y those of Ashcroft, Seward, Backer, and 
Harvey. 

Magnesium Oxide from Sea Water. — The Dow Chemical Co.’s Texas plant was 
probably the first to use this process. The sea water is treated after sedimentation 
with hydrated lime made from calcined oyster shells, and the suspension is sent to 
Dorr thickeners, whence it goes to filters, for the production of a magnesium hydroxide 
cake. It would appear that a preliminary treatment with calcium hydroxide equiva- 
lent to the amount of iron and alumina in the water would be advisable if the mag- 
nesium hydroxide is to be used for the production of anhydrous magnesium chloride. 
It was reported to the author that Montecatini in Italy certainly gave such a pre- 
liminary treatment. In the Dow process, the magnesium hydroxide is then dissolved 
in hydrochloric acid for the production of magnesium chloride. 

If the magnesium hydroxide is to be used for the preparation of magnesium oxide 
to be reduced by ferrosilicon or carbon, the use of dolomitic lime is preferable to the 
lime from oyster shells as the precipitant, since this gives an additional amount of 
magnesium hydroxide at a low cost, and the impurities introduced by the dolomite 
would have no adverse effect on the i)rocess (H. H. Chesny process of preparing mag- 
nesium hydroxide). For these reductions, the magnesium hydroxide is dried and 
calcined at 900 to 1100°C. 

In the preparation of magnesium oxide from dolomite, it is important to remember 
that calcium oxide reacts with magnesium chloride to form magnesium oxide and 
calcium chloride, and that calcium is precipitated by sodium carbonate in the presence 
of magnesium chloride without precipitating the magnesium. 

Carbon Reduction Process. — This process, usually known as the Hansgirg process, 
has been described by Paul D. V. Manning[44] and by T. A. Dungan[58]. It was 
developed in Austria several years ago by Franz Hansgirg, and a small plant was 
operated until an explosion destroyed the enterprise. A similar installation, on a 
larger scale, w^as made first in England by two of Dr. Hansgirg’s associates and later 
in Korea by Dr. Hansgirg himself. In 1941, the Permanente Metals Co. at Per- 
manente, near Los Altos, Calif., built, under the supervision of Dr. Hansgirg, a plant 
for the production of magnesium metal, which utilized a modification of the original 
process. (Tlxis plant is sometimes referred to in the literature of the metal as the 
Todd-California Shipbuilding plant.) 

Magnesium oxide, produced as pure as possible, is mixed with carbon such as a 
petroleum coke. This mixture, made into briquettes with a hydrocarbon binder, is 
then charged continuously into an electric furnace, the magnesium oxide reacting 
with carbon to produce carbon monoxide and magnesium metal. The reaction is 
reversible, t.c., the reaction tends to reverse so that carbon monoxide and magnesium 
produce magnesium oxide and carbon. The reaction goes in favor of producing 
magnesium metal at a temperature above 2000^. Magnesium boils under atmos- 
pheric pressure at llOT'^C. The , equilibrium point of the reaction is reached at 
atmospheric pressure and stoichiometric proportions at about 1850 C* The essential 
point in this process is, therefore, the removal of the magnesium before it can react 
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with the carbon monoxide to form carbon and magnesium oxide, the process being 
carried on at about 2200®C* 

In the original Hansgirg plant, built in Austria in 1929, this was accomplished by 
mixing the magnesium vapor and carbon monoxide, as it left the electric furnace, with 
a large quantity of refrigerated hydrogen gas. This accomplished what is termed 
‘'shock cooling*' of the vapor, and the magnesium metal condensed as an impalpable 
powder. Some impurities were carried over with the vapor, and since the melting 
of a metallic powder of this fineness is extremely difficult, the next step was to form 
the powder into small briquettes or pellets and charge them into a retort, from which 
"the metal was distilled under a high vacuum, to be condensed as pure crystalliaed 
magnesium. [ 



imif 

Fig. 1. — Flow sheet, Carbothermic process. {Courtesy of A.I,M.E,) 


The reaction at Permanente is carried on in a graphite crucible which at its thin- 
nest part (the junction with the roof) is 4 in. thick. The roof is composed of keyed 
carbon blocks 18 in. thick. The crucible is surrounded by an average thickness of 
about 4 ft. of fine gas carbon for insulation, and the entire assembly is inside a pressure- 
tight steel shell 16 ft. in diameter and 16 ft. high[58). 

The electrodes are 20 in. in diameter, of machined graphite, and they enter through 
three holes in the roof 120 deg. apart, and each electrode is on an angle of 11 deg. 
with the vertical. The stuflhig boxes through which these electrodes enter the crucible 
represent one of the greatest engineering problems in connection with the process. 

The carbon monoxide and magnesium escape from the crucible through a 10 in. 
diameter bole about 8 in. above the coke bed where they enter the shock-chilling cone, 
from which the mixture of these gases with the refrigerated natural gas goes through 
a drum 15 ft. in diameter and 34 ft. long. About 20 per cent of the magnesium settles 
in this drum, and the remainder goes through bag filters. The amount of refrigerated 
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gas is so proportioned as to maintain a temperature of not over 250®C. in the drum. 
Between the drum and bag filters is a heat exchanger which cools the gas to 80®C. to 
protect the filters. The filter dust contains approximately 50 per cent magnesium, 
20 per cent carbon, and 30 per cent MgO. 

This dust is mixed with an asphalt residue in cleaning solvent or kerosene, and the 
paste is extruded into the sublimation retorts, where the solvent is first distilled and 
the asphalt coked to form a nondusting mixture. 

The sublimation retorts are vertical cylindrical vessels 66 in. in diameter by 22 ft. 
high. The upper 8 ft. is the condenser, and there is a heat dam between the sublima- 
tion and the condensing portion of the retort. The sublimation is performed under a 
pressure of about 3 mm. of mercury at a temperature of about 800°C. The retort is 
heated by Nichrome resistance heaters, and there must be a vacuum outside the 
retorts as well as within to prevent the collapse of the retorts during the distillation. 

Metallic magnesium resulting from the shock-cooling part of the process is 
extremely pyrophoric; upon exposure to air, it will instantly catch fire. Therefore, it 
is necessary to store the powder and handle it under an inert atmosphere such as 
hydrogen or methane. The handling of the vapor and of this highly inflammable 
magnesium powder are the sources of the principal hazards and troubles that have 
dogged this process since its development. Numerous fires have occurred in plants 
using the process, and the Austrian plant finally blew up and was completely destroyed, 
as before indicated. In the modification of the Hansgirg process in use at Perma- 
nente, shock cooling is not accomplished by the use of refrigerated hydrogen but by 
natural gas. After the removal of the magnesium dust from the resulting mixture of 
natural gas and carbon monoxide from the cooler, it passes into cement kilns where it is 
used as a fuel. 

Considerable difficulty has been experienced in this process, owing primarily to 
the necessity of working under gastight conditions and also because of the high temper- 
atures required in operation [44], 

Important work on the carbon reduction of magnesia has also been done by H. A. 
Doerner. His experiments with a small-scale plant are detailed in Chemical and 
Metallurgical Engineering ^ August, 1942. 

The cycle of cooling gas purification, if hydrogen is used, is ingenious, but unfor- 
tunately the details cannot be published. 

Carbide and Allied Reduction Processes. — Apart from the direct reduction of 
magnesium oxide by carbon, magnesium oxide can also be reduced by calcium carbide, 
silicon carbide, silicon, aluminum, and various silicides, such as those of calcium, 
aluminum, and iron. At least experimentally, the reduction with calcium carbide 
and with calcium silicide have been carried on in Italy and Germany. 

However, they are all of minor importance, except for the ferrosilicon reduction 
(Pidgeon process) and the use of finely divided aluminum of poor quality to produce 
first-class magnesium. 

The magnesium reduction with calcium carbide is said to be most advantageously 
carried on as a two-stage process. The magnesium oxide is mixed with an excess of 
calcium carbide over that necessary to effect reduction and the mixture heated for 
some time at 1050 to 1150®C. The residue from this operation is mixed with addi- 
tional magnesium oxide up to the theoretical quantity and there redistilled to produce 
additional metal. 

Ferrosilicon Process. — Practice of the ferrosilicon reduction process as carried 
out by the Ford Motor Co. has been described by Paul D. V. Manning[44]. Dolomite 
is calcined to produce ^^dolime” and is ground to a powder with crushed 75 per cent 
ferrosilicon mixed with a binder. The proportion of dolomite to ferrosilicon is between 
five and six parts to one. The mixture is then briquetted. 
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Finished briquettes are charged into horizontal retorts, 10 in. in diameter and 
22 ft. long, made of chrome-nickel steel, set in multiple in a furnace. After charging 
each retort, the condenser cover is put in place. A high-vacuum pump is started 
to maintain the charge in the retort undhr as high a vacuum as possible, and the heat 
is turned on around the retort. This heat causes the reaction to take place between 
the ferrosilicon and the calcined dolomite. Magnesium vapor is liberated and is 
deposited on a condenser head which extends into the end of the retort and wliich is 
cooled by water passing through its inner chamber. The magnesium metal is depos- 
ited on sleeves at the end of the retort. Approximately eight hours is required for 
the completion of the reaction, and about 70 lb. of magnesium per retort should result. 

According to the National Research Co. of Boston, it is possible to operateilarge 
retorts on pressures as low as 0.001 to 0.025 mm. of mercury. 1 

Contaminated aluminum scrap can be used to good advantage in this process, 
after powdering it, to replace the powdered ferrosilicon in part, and there seems ^ be 
no reason why the complete substitution of powdered or granulated aluminum for' the 
ferrosilicon could not be carried out. British patents 405097 and 487836 cover the 
reduction of dolomite with silicon or ferrosilicon. 

Retorts . — The greatest difficulty in the ferrosilicon process has been with the 
retorts[61, 62]. Various alloys were tried, of which the best were 35 per cent nickel, 



Fig. 2. — Retort after initial collapse. (Courtesy of Foley and Seha 8 tian[ 62 ].) 


15 per cent chromium; 28 per cent chromium, 20 per cent nickel; 28 per cent chromium, 
15 per cent nickel; and 25 per cent chromium, 12 per cent nickel. All these seem to 
stand atmospheric corrosion at the operating temperature (2150°I'\), but none was 
completely satisfactory. In general, the high-chromium alloys were superior to the 
high nickel. 

The first retorts were 10 in. outside diameter and % in. wall thickness, which was 
later increased to IJ^ in. wall thickness, but even then the retorts collapsed from 
external pressure. It was found that at the temperature of operation the retorts 
could be blown up to their original dimensions at an air pressure of about 90 lb. left 
on for a period of two or more hours. It eventually became the routine procedure to 
blow the retorts up every 20 days or so. A retort that survived a full year of pilot- 
plant service had the following composition: C, 0.33 per cent; Mn, 0.89 per cent; Si, 
1.61 per c^t; Cr, 26.99 per cent; Ni, 15.14 per cent; P, 0.02 per cent; S, 0.022 per cent. 
The actual results show that a somewhat longer average life appears to result from 
stutic casting than from centrifugal casting. 

One of the problems of this process which has not yet been solved is the selection 
of the best and most economical type of retort. For effective reduction, the tempera- 
ture xi^ust be maintained within a narrow range only slightly below the softening 
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point of the chromium^nickel-steel alloys used in the retorts. The rate of collapse 
of the tubes in the first plants was higher than expected. The wall thickness of the 
retorts was increased in early 1943 to 1}^ in. from %, in. and with this change a longer 
life was attained. As possible substitutes for cast-alloy retorts, two other types are 
being tried, one with alloy sheet wrapped and welded around a mild steel tube, the 
other with a layer of chromium-nickel weld metal laid on a similar steel tube. Ford 
is said to have changed to plain steel retorts immersed in molten glass[40]* 

The ferrosilicon process is often called the Pidgeon process, after Dr. L. M. Hdgeon. 
Experimentation with 85 per cent ferrosilicon did not prove to have sufficient addi- 
tional value to justify its use, and the 75 per cent grade is being used. About 1 .1 lb. 
is used per pound of magnesium produced [35]. 



Fig. 3. — Full-length view after Initial collapse. {Courtesy of Foley and Sebastian[d2]») 


Magnesium Chloride Process. — The older magnesium chloride process for the 
production of metallic magnesium involves three steps, m., (1) preparation of anhy- 
drous magnesium chloride as such or in admixture with alkali chlorides; (2) elec- 
trolysis of the magnesium chloride in a cell at low voltage; and (3) purification of the 
resulting metal. In employing hydrous magnesium chloride as the raw material, the 
water must first be removed, and it should be stated at the outset that the anhydrous 
salt cannot be produced directly by heating the hydrous material. 

When aqueous solutions of magnesium chloride are evaporated and crystallized, 
the salt obtained is MgCl2.6H20. If this salt is heated, it melts in its water of crys- 
tallization, and the reaction 

MgCU.6H20 MgO -f 2HC1 -f 5 H 2 O 

takes place, so that the final product is magnesium oxide. The complete dehydration 
of hydrous magnesium chloride has been made the subject of many patents, and the 
usual methods employed entail heating the crystallized MgCb.fiHjO in admixture 
with alkali chlorides or in a current of chlorine or hydrochloric acid gas. Thus, in a 
process of the Dow Chemical Co., the hydrous chloride is first heated[101 at low tem- 
perature in admixture with 25 per cent sodium chloride plus a small amount of 
ammonium chloride, whereby about 50 per cent of the water is driven off. The partly 
dried mix is then cooled and reheated at higher temperature until the remaining water 
is removed. In the process of the Magnesium Co., the hydrous chloride is heatedtSO] 
for several hours at 1 50®C. in dry air; part of the water is driven off, yielding a product 
of the composition 73 per cent MgCU, 4 per cent MgO, and 23 per cent HjO. This 
material is then reheated in a current of hydrochloric acid gas at SOO^C., whereby the 
remaining water is removed, the magnesia converted to magnesium chloride, and 
product containing 99+ per cent magnesium chloride obtained. Eecovery of chlp^ 
rme is made in the Dow process and of hydrochloric acid in the process Of the 
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nesiuin Co. In all processes devised for the production of anhydrous magnesium 
chloride, the object in view is to prevent conversion of the chloride to oxide on heating. 
A process originally developed in Germany and later modified and used in England 
utilizes the electrolysis of magnesium chloride in a somewhat different way. In this 
process, it is necessary that the magnesium chloride be absolutely anhydrous, and it is 
produced by reacting calcined magnesite with carbon monoxide and chlorine to 
form magnesium chloride and carbon dioxide. In carrying out this process, the cal- 
cined magnesite is ground to a fine powder and mixed with lime and magnesium 
chloride together with fine coal and some peat moss to make the mass porous. The 
mixture is then briquetted or else pelletized in a rotary kiln and fed into the top of a 
vertical chlorination furnace. The lower part of each furnace or tower is packe(j[' with 
coke or other carbonaceous material so that when the mass is heated and chlorine is 
passed in the above reaction takes place. Magnesium chloride runs from the bottom 
of the furnace as a molten anhydrous liquid. This process is essentially the one |hat 
has been installed in Nevada by Basic Magnesium, Inc. [44], controlled by the Ana- 
conda Copper Mining Co. 

After preparing anhydrous magnesium chloride or a suitable mixture of this salt 
with alkali chlorides, the material is electrolyzed at 675 to 725‘*C. in a suitable cell. 
Although the decomposition voltage of magnesium chloride is only 3.25 volts, about 
5 to 8 volts are required in practice, and the current consumption is 12 to 14 kw.-hr. 
per lb. of metal produced. In the process, anhydrous magnesium chloride is added 
to the bath from time to time as electrolysis proceeds in order to keep the bath within 
the required working limits of composition. Where renewal of the magnesium chlo- 
ride is not made, a batch process results, and it is preferable to make the operation 
continuous. Various types of cells are employed. In a single-stage operation the 
cell is a cylindrical or rectangular iron box having carbon anodes, the iron of the cell 
serving as the cathode. In some cells, a cathode of steel may be suspended in the 
bath. The cell is heated externally in starting the process, but after electrolysis begins 
no further external heating is necessary, since the imposed current serves both for 
electrolytic dissociation of the salt and for maintaining the temperature of the bath ; 
although it has been rumored that I. G. Farben starts with cold cells, bringing them 
up to working temperature entirely by the use of electric-current heating. Dunng 
electrolysis the metal collects at the surface of the cathode in the form of small 
globules; these gradually grow larger with further deposition of metal and finally 
detach from the electrode, rising to the surface, where they float. The chlorine is lib- 
erated at the anode and is swept out of the cell and recovered. The magnesium is 
ladled out of the cell from time to time and cast into crude ingots, or is ladled directly 
into iron pots for purifying. The metal is fluxed in the pots with fused sodium magne- 
sium chloride and cast into ingots or sticks. A small cell taking a lOO-lb. charge yields 
'26 to 28 lb. of metal per 24 hr. Figure 4 shows a form of cell in which a porcelain hood 
is placed in the bath to keep the floating magnesium from contact with the anodically 
separated chlorine. In this cell, nitrogen or carbon dioxide is used to sweep out any 
chlorine that may penetrate to the cathode compartment. The chlorine from the 
anode is aspirated through the pipe shown and recovered. 

The Magnesium Co., of Wolverhampton, England, employed[18] a two-stage 
process in order to avoid the use of a diaphragm or partitioned cell. The cell was of 
cast steel with a firebrick lining, fitted with a gastight cover carrying graphite anodes 
and means for outlet of the chlorine. The cell was charged with liquid lead for the 
cathode, and this was covered with the electrolyte into which the anodes dip. Means 
were provided for circulating both the bath and the lead cathode. The cell had a 
capacity of 5000 amp. at a current density of 1500 amp. per sq. ft. with a voltage drop 
of 5 at tiie terminals. The cell was self-heating and produced about 100 lb. of mag- 
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nesium per 24 as a lead-magnesium alloy, with current efficiency of 85 per cent* 
The first operation was the electrolysis of the magnesium chloride electrolyte so as to 
produce a magnesium-lead alloy at the cathode, and in the second stage this alloy 
acted as the anode in another cell and the cathode consisted of a large number of steel 
rods immersed in the magnesium chloride electrolyte. The second cell was operated 
in series with the first at 5000 amp. and a voltage of 2. The total energy consumption 
was said to have been 8.5 kw.-hr. per lb. of magnesium produced, which seems low. 
The chlorine was aspirated from the cells to scrubbing towers and absorbed in rniiy 
of magnesia with the formation of magnesium chloride and chlorate, with subsequent 
recovery of the chlorate as KCIO3; the magnesium chloride was returned to the 
procesF. 

Mathieson Alkali and Consolidated Mining <fe Smelting Co. of Canada are said 
to have worked out a cell that will operate even if the magnesium chloride contains 
20 per cent of water[57], the effluent gas being, it is said, almost pure chlorine. 



Fig. 4. — Cell for magnesium production from magnesium chloride. {Rideal,) 

In a patent by Iwahashi and KishimotolO], an alternating current of suitable 
current density is passed into magnesium chloride in a cell using graphite or carbon 
as anode and iron as cathode; the water in the chloride is evaporated, and the salt 
said to be fused without decomposition; after the fused salt ceases to bubble, it is 
electrolyzed by direct current. 

Magnesium Oxide Process. — A process for the production of magnesium that is 
analogous to the Hall-Hdroult process for the reduction of aluminum was patented 
by 8eward(7] and by Harvey[8] and was used by the American Magnesium Corp. 
In this process, substantially pure magnesia, MgO, was dissolved in a liquid (fused) 
electrolyte, consisting of about equal parts of magnesium fluoride and barium fluoride 
plus sufficient sodium fluoride to give the required fluidity, and electrolyzed. The 
magnesia was prepared by the calcination of magnesite obtained from the Pacific coast 
and shipped to the works at Niagara Palls, N. Y. (In an older patent by Seward 
and von Kfigelgen[9l, a process was disclosed for the production of aluminuip mag- 
nesium alloys by electrolyzing magnesium oxide dissolved in magnesium flUoride 
plus lithium fluoride, using liquid aluminum as the cathode.) The magnesium-oxide 
process is discussed by Harvey[301. 

The cell or furnace used in the magnesium oxide process may be contBiiimt§t^ 
described by reference to Figs. 5 and 6. The former shows a transverse section nf 4^ 
furnace, and the latter is a plan. In the figures, 1 is a wrought-iron vessel 
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on blocks 2, and 3 represents the solidified portion of the bath 4. The cathodes are 
represented by 5, which consist of iron or steel castings extending longitudinally 
through the furnace and projecting through apertures 6 in the bottom. A layer cf 
asbestos 20 is placed between the cathodes and the furnace shell. The anodes are 
shown at 9, and these are of g- aphite or carbon, suspended in the bath, A layer of 



Fig. 5. — Magnesium reduction furnace. {Seward.) 

magnesium oxide 10 is maintained on top of the bath as a source of raw material. 
Cooling pipes 11 are arranged between the cathodes and anodes so as to cause solidifi- 
cation of a portion of the bath to form vertical partitions of insulating material. 
Hoods or collecting chambers are shown at 12 receiving the liquid magnesium which 
ascends from the cathodes; these chambers are made of cast or sheet-metal casings 13 
placed near the surface of the bath and suitably cooled. They are shown as supported 




u u u sn 

Fig. 6. — Plan of magnesium reduction furnace. {Seward.) 


from the upper edges of the side walls of the furnace shell 1. The inner wall 14 of each 
hood is situated sufficiently close to the cooling pipes 11 so that the mass of solidified 


salts extends to the wall 14 and seals the space between the wall and the pipes. The 
liquid metal collected in the hoods or chambers may be drawn off continuously or 



intermittently from tapholes 16. 


The cathodes 6 are formed with shoulders 
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17 for receiving the iveight of the furnace, and have flat bottoms 18 which rest on flat 
copper bus bars 19. The anodes are carried by rods 21 and fastened to bus bars 22. 
In operation of the process, the bath is maintained at about 950''C. and its speciflc 
gravity at about 3.2. The magnesium oxide is added to the bath around the anodes at 
frequent intervals. The current may be 9000 to 13,000 amp. at an e.m.f. of 9 to 16 
volts. The average current efficiency may be taken as 60 per cent with a power 
efficiency of 40 per cent. The dissociated oxygen bums at the carbon anodes; the 
magnesium is liberated at the cathodes and rises into the collecting chambers from 
which it is removed. The metal was refined by remelting with a flux, and specially 
pure metal was prepared by volatilizing the crude magnesium and condensing it.^ 

Magnesium oxide is only slightly soluble in the fluoride bath — in which respect it 
differs considerably from aluminum oxide — ^the solubility being only about 0.1 per cent. 
Strictly speaking, therefore, the process is probably not a direct electrolysis of the 
oxide. It has been suggested that the mechanism is as follows: 

MgF2 =“ Mg -f F 2 
MgO + F 2 - MgF2 + O 
C + O « CO 

Commercial Forms of Magnesium. — Substantially pure magnesium is supplied 
to the trade in the form of sticks, ingots, blocks, rods, bars, tubes, sheets, plate, 
extrusions, wire, powder, ioil, and ribbon. Powder is made 40 to 200 mesh, depending 
upon requirements. For deoxidizing, the metal is furnished as sticks or in the form 
of extruded ingot with diameter of about 1J4 i^i* Flashlight powder usually runs 
100 to 150 mesh, while powder for signal lights in marine and military work is usually 
50 mesh. Sheet and plate are available in almost any thickness, while rod is produced 
from % to IJi ill' Tubing is made up to IJ^ in. outside diameter, and wire is fur- 
nished from No. 36 to No. 00 B. & S. gauge. Ribbon is usually made in. wide by 
0.006 in. thick. Sand and permanent-mold castings are made in both magnesium 
and its light alloys. 

The Nicol process for the production of magnesium powder is to atomize the 
molten metal by a high-velocity stream of nitrogen. Table 4, page 60, gives a num- 
ber of the commonest alloys, as well as the specifications for Grades A, B, and C. 

Chemical Properties of Magnesium. — The impurities in magnesium may be 
divided i nto two classes, viz . , metallic and nonmetalhc . The former include aluminum, 
barium, calcium, copper, iron, silicon, sodium, and potassium. The nonmetallic 
impurities are usually salts of magnesium such as the oxide and chloride, and chlorides 
of calcium, potassium, and sodium, as well as occluded bath material and carbon. 
The bulk of the nonmetallic impurities may be eliminated by a remelting operation. 

Pure magnesium (99.99 -f per cent) is a silvery-white metal. It consists of three 
isotopes of masses 24, 25, and 26, in the relative amounts of 7:1:1, yielding a mean 
atomic weight of 24.336, as compared with the chemical value of 24.32. Magnesium 
is a basic element and forms salts with mineral and many organic acids. The metal 
does not oxidize in dry air, but when exposed to moist air it loses its silvery luster 
and becomes coated with a film of the oxide and possibly carbonate (and hydroxide). 

1 One ot the problems of this process is to produce a pure maanesium oxide, since the electrolyte 
'Will be contaminated by the progressive building up of any impurities in the added MgO. C. E. 
Dolbear claims a cyclic process for the production of the pure oxide, based on (1) boiling impure mag- 
nesium oxide with ammonium sulphate, the magnesia going into solution; (2) passing the liberated 
ammonia into cold pure magnesium sulphate solution. 

MgO + (NH4)>S04 -F ofl. « MgS04 + 2NHi + aa. (hot) 

'' . MgBO. + 2NH, + o«. - Mg{OH). + (NHiJiSOi + «|. (odd) 

The reaction is said to be applicable to magnesium carbonate also. 
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Mi^esium reduces most oxides, liberating the corresponding metal or nonmetal* 
Magnesium has a high heat of combustion, the heat of formation of magnesium oxide, 
MgO, being about 146,000 cal. per gram-atom. The molecular heat of formation 
of AljOs is about 386,000 cal., or about 128,700 cal. per gram-atom. The explosibOity 
of magnesium dusts is high, being about 114 as compared with 100 for standard Pitts- 
burgh coal dust. The metal (particularly in powder or ribbon form) burns easily in 
air and with an intense white light, very rich in actinic rays. This property makes 
magnesium valuable in photographic work for flashlights. The spectrum of burning 
magnesium more nearly resembles that of the sun than any other element. Magne- 
sium does not burn directly in the air to oxide, but is converted first to the nftride, 
which then burns to the oxide. The reaction is accompanied by a faint yellowtjglow, 
followed by the peculiar incandescence and white light. Massive magnesiunii does 
not readily burn in air except at temperatures far above the melting point. \ 
Dilute acids dissolve the metal rapidly, with violent evolution of hydrc^en. 
Caustic alkali solutions have no action, but hot aqueous solutions of ammonium l|alts 
attack it. Strong sulphuric acid acts slowly on magnesium, and mixed acid (sulphuric 
plus nitric) has slow action at the ordinary temperature. At 20®C. water does not 
attack the metal, but at 100°C. water is slowly decomposed with the formation of 
magnesium oxide and hydrogen. The action on hot water is thought to be due to 
galvanic action between the metal and the impurity iron therein. Magnesium unites 
with nitrogen below the melting point to form magnesium nitride, MgsN^, and 
phosphorus reacts with it to form the phosphide (Mg 8 P 2 ). With boron it forms the 
boride (Mg 8 B 2 ), and it reacts with carbon to form the carbides (MgC 2 and MgjCj). 
The metal reacts with hydrocarbon gases to form these carbides, setting free hydrogen. 
It does not react with hydrogen but can be distilled in an atmosphere of this gas. In 
general, magnesium resists the attack of alkalies and hydrofluoric acid, but is attacked 
by saline solutions and most acids[30]. One use of potential importance after the war 
is the possibility of using the metal on a large scale to synthesize organomagnesium 
halides, such reagents being known as ‘^Grignard^s reagents.*^ 

Corrosion. — The information given above as to the action of chemical reagents 
on magnesium is suggestive in determining the corrodibility of the metal and its 
alloys. Magnesium and its alloys are more corrodible than aluminum and aluminum 
alloys when exposed to the ordinary corrosive agents. But substantially pure 
magnesium and light alloys made from such metal exhibit adequate corrosion resist- 
ance to ordinary air; they are attacked by solutions of acid salts, neutral solutions of 
acid salts, and especially by halogen salts. Gasoline, kerosene, and lubricating oils 
have no action. Solutions of cellulose esters dissolve the metal. Both the metal 
and its alloys can be protected from ordinary atmospheric and other mild corrosives 
by painting with lacquers, varnishes, and paints, and by special coatings. Thus, 
treatment in a bath of sodium bichromate, copper nitrate, and nitric acid causes 
formation of a colored oxidized layer, probably some copper compound, that protects 
against atmospheric corrosion. Backer[ll] has patented a coating process in which 
a strongly adherent coating of magnesium hydroxide, Mg(OH) 2 , is put on by heating 
the metal or its alloys in water or steam to temperatures above 100®C. for 15 min. 
under ordinary or raised pressures. The corrosion of magnesium by water can be 
inhibited by the presence of a small percentage of potassium dichromate in the water. 
W. B. Loose has patented the use of solutions of hydrofluoric acid, hydrofluosilieio 
acid, boric acid, and acid and neutral fluorides, followed by treatment with an arsenic 
compound (assigned to Dow Chemical Co.)(45]. 

Phyileal and Medianicai Propertiea of Magnesltim. — Magnesium is the lightest 
iaetal used for structural purposes, having a specific gravity of 1.74. The metal 
wdigbs 109 lb. per cu. ft. The specific gravity in the liquid state (at 673®C.) is 1.56^ 
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and the eolidification shrinkage is 4.2 per eent. The low value 1.74 for the spedfie 
gravity makes an equal volume of magnesium weigh about two-thirds as much as 
aluminum. Magnesium is slightly malleable when cold but very malleable and ductile 
at 350 to 450*C, The metal and certain alloys c^n be cast readily in iron molds and 
dry-sand molds and also worked into shapes. Both magnesium and its light alloys 
machine easily and take a fine finish. When heated in vacm, magnesium sublimes 
and deposits in crystals. Table 2 gives a summary of the physical and mechanical 
properties of magnesium; the figures may be compared with the corresponding prop- 
erties for aluminum in the chapter on the Metallurgy of Aluminum and Aluminum 

Table 2. — Physical, Mechanical, and Other Properties op Maonesitw^ 


Property 


Units for expression 


Specific gravity, 20®C 

Specific gravity, liquid, 673°C. 

Melting point 

Boiling point 

Thermal expansivity 


Thermal conductivity. 


Latent heat of fusion 

Latent heat ot vaporization . 
Specific heat 


Specific electrical resistance. 


Temperature coefficient of resis- 
tivity 


Grams per cubic centimeter 
Grams per cubic centimeter 
Degrees Centigrade 
Degrees Centigrade 
Increase in length per unit of 
length per degree Centigrade 
(OtoWC.) 

Gram-calories per centimeter cube 
per degree centigrade per second 
(c* g. s. units). 

Gram-calories per gram 
Gram-calories per gram 
Gram-calories per degree Centi- 
grade (20 to 100‘^C.) 

Microhms per centimeter cubed, at 
20°C, I 

Per degree Centigrade (20°C.) 


1.7388 

1.562 

651 

1120 

0.0000259 


70 

1,700 

0.249 


0.0040 


Magnetic susceptibility 

, . H X 10*, ot 18°C. 

-hO.55 

Hardness (cast) 

, . Brinell (10 mm., 500 kg., 30 sec.) 

30 

Hardness (oast) 

. . Scleroscope: 



Magnifier hammer 

20 


Universal hammer 

12 

Tensile strength (cast) 

. . Pounds per square inch 

13,000 

Yield point (cast) 

. . Pounds per square inch 

3,000 

Elongation (cast) 

. . Per cent 

6 

Eeduction in area (cast) 

, , Per cent 

6 

Compressive strength (cast) — 

. . Pounds per square inch 

32,000 


Transveme strength (cast) 

Heat of combustion to MgO 

Heat of chlorination to MgCl* — 
Heat of sulphuration to MgS. . . . . 
Electrolytic solution potential 

against calomel electrode 

Atomic irelght 


Calories per gram-atom 146,000 

Calories per gram-molecule 152 , 000 

Calories per gram-atom 80,000 


* Data tmm varipui foCwea. 
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Alloys in this work. Magnesitun is a good bearing metal. The mechanical properties 
of some magnesium alloys are discussed below under Alloys. Magnesium has low 
proportional limit and ductility, which features preclude its use for some purposes, 
Moore[29] gives some tests on the mechanical properties of the metal and one alloy. 

Magnesium Alloys, — Magnesium-rich alloys are the lightest known useful alloys 
for engineering construction, their specific gravity falling in the range 1.75 to 1.90, 
roughly. Their tensile strength lies in the range 20,000 to 50,000 lb. per sq. in., 
depending upon the alloy and the condition, t.e., whether cast or worked. Mag- 
nesium forms alloys with most metals, and the commercial alloys are represented by 
certain magnesium-zinc, magnesium-aluminum, magnesium-cadmium, magnesium- 
aluminum-zinc, magnesium-aluminum-cadmium-copper, magnesium-aluminum-zinc- 
manganese, and other alloys. Magnesium-zinc alloys are represented by the so-called 
**Elektron metal” of the Chemische Fabrik Griesheim-Elektron, while magnesium- 
aluminum alloys are made by the Dow Chemical Co. under the name Dowmctil. 
Substantially pure magnesium and an alloy of the nominal composition 99.5: Op 
magnesium-zinc have been marketed under the name “cork metal.” v 

Some tests have been reported by Beckinsale[15] on the properties of Germaii^ 
Elektron metal of the nominal composition 94.5:5:0.5 magnesium-zinc-copper.\ 



Fig. 7. — Perforated crucible for adding rnagiiesium to alloys. (Hosenhain.) 


The properties of three samples in the form of cylindrical rods were as follows : specific 
gravity, 1.78 to 1.79; Brinell hardness (1-mm. ball, 10 kg.), 48 to 63; yield point, 
17,000 to 26,900 lb. per sq. in. ; tensile strength, 36,100 to 41,200 lb. per sq. in. ; elonga- 
tion, 13 to 19 per cent; specific tenacity, 250 to 284; yield point in compression, 6700 to 
18,800 lb. per sq. in.; and compressive strength, 50,000 to 53,500 lb. per sq. in. 

About twenty years ago, 87 : 13 magnesium-copper alloy was employed consider- 
ably for pistons in Germany, while the 90:10 magnesium-copper alloy was used some- 
what. The 90:10 magnesium-aluminum, 88:12 magnesium-aluminum, and the 
90:8:1:1 magnesium-aluminum-copper-cadmium alloys have all been chill-cast for 
pistons, while the 89:10:1 magnesium-aluminum-silicon alloy has been used for 
piston-bin bushings. The 87:13 magnesium-copper alloy, sand-cast, has a tensile 
strength of about 20,000 lb. per sq. in., 1.5 per cent elongation, and 55 Brinell hardness 
number. Other alloys that have been employed include the 90:5:5 magnesium- 
aluminum-zinc alloy (for aircraft castings) and the 99:1 magnesium-silicon alloy (for 
pistons). Certain of the magnesium-base alloys are heat-treatable, c.g., magnesium- 
aluminum. The heat-treatment of such alloys, as in the case of aluminum alloys, 
depends on the retention in solid solution of a soluble constituent by quenching and 
its subsequent precipitation in finely dispersed particles by aging. Thus, a heat- 
treatable magnesium-aluminum alloy may be quenched from 425®C. and aged at 
200*^0* to cause precipitation of the MgjAl^. Certain intermediate alloys, 
50:50 and 20:80 magnesium-copper, have been used for deoxidizing in nonferrous 
practice, and the 69:31 aluminum-magnesium alloy has been employed for mirrors 
tinder the name mirror metal.” 
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In general, the magnesium-aluminum-zinc alloys are far superior to the mag- 
nesium-aluminum alloys* As the zinc may run from H to 3 per cent, and the alumi- 
num from 6 to 10 per cent, the scrap problem is greatly complicated if several alloys 
are in simultaneous production, and this has apparently militated against their use 
in the United States. 

Alloys of Mg OlJ^'.Al 8:Zn and Mg 90:A1 9H* ZnJ^ are superior for founding 
practice. Alloys with 6 A1 and }4 Zn or with 2 per cent Mn are good extruding alloys; 
the 8 Al, Zn is very poor for this use. While the manganese alloys are superior in 
corrosion resistance, they are below the aluminum-magnesium alloys in strength. 

The usual nomenclature and general properties of the alloys currently used in the 
United States are given in Tables 3 and 4. 

The H alloy (American 4) is apparently a favorite German alloy. It is tough, but 
inclined to porosity. The Germans also use 3 Al: 1 Zn; 4 Al, 3 Zn; 8M Al: Zn; and 
9J^ A1:K Zn. 

The alloy of magnesium with 8^ A1:3J^ Zn is said to give an ultimate tensile 
strength of 15 to 18 tons per sq. in. after heat-treatment. 

As a matter of fact, all magnesium castings should be heat-treated for about 
6 hr. at 840®F., and a protective gas must be used in the oven. About to 1 per cent 
sulphur dioxide in the furnace atmosphere gives the castings ample protection. The 


Table 3. — Magnesium Alloy Specification Equivalents^ 


Type 



Navy Bureau 
Aeronautics 

Army 

Air 

Corps 

speci- 

fication 

Dow 
Chemi- 
cal Co. 
Dow- 
metal 
alloy 

[ Ameri- 
can Mag- 
nesium 
Corp. 
aUoy 

Alloy 

No. 

Speci- 

fication 

Alloy 

No. 

Speci- 

fication 

Caitino ' 









Sand casting 

BMr-4 

4 

B-80-41Tfc 

4 

M-112 

57.74-10 

H 

AM-265 


BMI-ll 

11 

B-80-41T*» 

11 

M-112 


M 

AM-403 


BMM7 

17 

B-80-41T* 

17 

M-112 


C 

AM-260 


BMI-AS* 









BMI-AZ91« 





1 



Die casting 

BMM3 

13 

B-94-40Tfc 


M-369 

11319 

R 

AM-268 


BMI-A8« 









BM1-AZ910 





1 



Permanent mold 

BMI-A8« 









BMI-AZOlo 








Wrought: 







i 


Extrusions 

BMI-AZ855« 

9 

B-107-41T 


1 

1 





BMI-8 

8 

B-107-41T 

8 

M-126 


J 

AM.67.S 


BMI-n 

11 

B-107-41T 

11 

M-126 



AM-3-S 

Forgings 

BMI-AZ85* 

9 

B-91-41T 




1 



BMI-8 

8 

B-91-41T 




J 

AM-57-S 


BMl-9 

9 

B-91-41T 



11321 

0 

AM-58-S 

Sheet 

BMI.8 

8 

B-90-41T 






i 

BMI-ll 

11 

B-90-41T 

11 

M-111 

11317 

M 

AM-3-S 


1 Courtesy Ba«io Magnesium, Ino. 

« These alloys are similar to the English and German alloya of these numbera. 

> These speoidoatione are for the eastings themselves. The ingot speoidoations are B-9MIT* 












Tabus 4. — Magnesium AUiOrs in Common 
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treatment for 6 hr. at 840®F . may be considered a minimum. E. F. Cone recommends 
12 hr. at 716 to 730®F. for solution and 16 hr. additional at 360®F. for aging[561. 

Magnesium is a constituent of certain aluminum alloys, e.^., duralumin, zinc dura- 
lumin, magnaliums, and so-called Y-alloy of the National Physical Laboratory 
(92.5:4: 1.5:2 aluminum-copper-magnesium-nickel). Magnesium is present in dura- 
lumin and zinc duralumin in an amount of 0.5 to 1.0 per cent, and by the formation of 
magnesium silicide, MgaSi, is largely responsible for the duralumin phenomenon. 
Magnalumins are aluminum-rich alloys containing magnesium up to 10 per cent and 
magnesium with other elements. 

Melting and Casting. — Magnesium alloys are more difficult to prepare than are 
aluminum alloys. In practice, the magnesium is usually melted in cast iron or steel 
pots fired by oil or gas and the alloys with aluminum and with zinc are made simply 
by adding definite amounts of solid metals to liquid magnesium. Manganese is 
preferably added by using a flux that contains manganese chloride, the manganese 
being reduced by the magnesium. The Dow Chemical Co. has two such flux^; its 
No. 250 (melting) consists of 23KC1, 72MgCli, 2HBaCl2, and 2HCaF2. This f% is 
usually used following a refining with the Dow No. 230 flux, which is a general open- 
pot flux consisting of 55KC1, 34MgCl2, OBaCU, and 2CaF2. The Dow Chemical Cq.'s 
No. 320 is another flux used for the introduction of manganese. This contains 
76MnCl2, 13 CaF 2 , and llMgO. This is used after a refining with No. 310 flux, which 
consists of 20KC1, SOMgCU, ISCaFt, and 15MgO. 

The British refining fluxes used where we use the Dow 320 and 230 are MgCU, 
30; NaCl, 30; KCl, 30; and MgF 2 , 10, or less commonly MgCU, 39; CaCU, 15; NaCl, 
7; KCl, 7; CaF,, 20; MgO, 12. 

A flux recommended by Dow Chemical for refining metal in a covered pot provided 
with SO 2 surface protection is No. 220, 57KC1, 28CaCU, 12J^BaCU, and 2 J^CaF 2 . 
This flux is removed after refining. A British flux used for melting is MgCU^ 33; 
CaCU, 30; NaCl, 15; KCl, 15; and MgO, 1. 

There are various other fluxes on the market that appear to be mixtures of the 
various chlorides and fluorides already mentioned, and some appear to contain borates 
and boric acid and sulphur, Schreiber and Beck[17] patented the use of sulphur as a 
flux, the idea being to cause a layer of sulphur vapor to float above the liquid metal, 
while above that was a layer of sulphur dioxide from the combustion of this vapor. 
Veazey and Burdick[12] and Gaim[131 held patents for various halide mixes, but these 
patents ha /e now expired. Oxidation on melting has been di8cus.sed by de Fleury[31] 
in a paper that is stiU a classic. 

The older workers recommended that magnesium or its alloys should not be heated 
to a temperature exceeding 1350®F., but it appears that a superheating (say 15 min.) 
at 1650 to 1750®F. refines the grain of aluminum alloy. However, if this is given, it is 
important that the metal be brought down to pouring temperature and poured with 
little delay. The grain refinement is rapidly lost on standing at pouring temperatures 
(say aroimd 1450®F.) 

Magnesium cannot be poured into green sand (water-tempered) molds since it 
reacts with the moisture. For green-sand molds with magnesium, the usual water is 
replaced with kerosene, glycerine, or ethylene glycol, which prevents ignition of the 
hot metal. A sand of IG to 2G grade should be used.^ An exception to the above is 
in the use of synthetic sands [such a mixture is silica sand (minus 40 mesh), 91 per 
cent; boric acid, cent; sulphur, 4J^ per cent; bentonite, 4 per cent]. This 

mixture has been successfully employed, using about ZH per cent of water for mixing. 
Cor^ may be bonded with dextrin, corn oil, or sodium silicate solution and baked. 

. /.t'lThs American Foundrymen'a Amooiation is naing the following claMiScation for foundry sand, 
u denoted by letter: 
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The synthetic sand mentioned above may be used for cores, but in this case the sand 
is a little coarser than 40 mesh, and a little less sulphur is used. Some authorities 
recommend a dusting of the mold with bentonite or graphite. The sand for mag- 
nesium^alloy casting should be permeable and the molds freely vented. Magnesium 
cannot be poured directly into molds; some device such as a pouring cup must be 
used to break the fall of the metal, so as to reduce the amount of air carried into the 
mold as greatly as possible. A current of nitrogen or chlorine gas flowing through 
the molds is sometimes recommended to reduce the porosity of the castings, but 
does not appear to be necessary. Gates and risers of great size must be used; in fact, 
the gates and risers may weigh two and one-half to three times what the casting does 
from which they are cut off [64]. 

Precipitation of Iron. — There is a tendency for iron to be introduced into mag- 
nesium alloys through the magnesium itself, from the iron pickup in remelting mag- 
nesium scrap, from the aluminum, from the flux, and from the crucible itself. If 
manganese is introduced by the use of manganese chloride or the Dow 250 or 320 flux, 
spoken of above, to the saturation point during the superheating to produce grain 
refining, the iron is precipitated to the bottom of the crucible on reducing to the pour- 
ing temperature. The iron contents may be reduced to 0.001 per cent by tfiis process. 
Any attempt to remelt or reheat such high-purity alloys appreciably above 1300 to 
1360®F. in steel crucibles will inevitably lead to recontamination by iron. 


A sand — 0 up to but 
B sand — 0.5 and up 
C sand- 
D sand' 

E sand- 
F sand' 

G sand- 
H sand' 


- 2.0 and up 
— 5.0 and up 
—10.0 and up 
-15.0 and up 
-20.0 and up 
-30.0 and up 


not including 0.5 per cent clay 
to but not including 2.0 per cent clay 
to but not including 5.0 per cent clay 
to but not including 10.0 per cent clay 
to but not including 15.0 per cent clay 
to but not including 20.0 per cent clay 
to but not including 30.0 per cent clay 
to but not including 45.0 per cent clay 


The fineness is then expressed by a series of arbitrary numbers, derived as follows: The sand, freed 
from clay, is screened, and the residues on the screens expressed as per cents are multiplied by the 
following factors: 


Through 

Through 

Through 

Through 

Through 

Through 

Through 

Through 

Through 

Through 

Through 


On 6 mesh X 
6, on 12 mesh X 
12, on 20 mesh X 
20, on 80 mesh X 
30, on 40 mesh X 
40, on 60 mesh X 
50, on 70 mesh X 
70, on 100 mesh X 
100, on 140 mesh X 
140, on 200 mesh X 
200, on 270-mesh X 
270 mesh X 


3 

5 

10 

20 

30 

40 

50 

70 

100 

140 

200 

300 


The products of these multiplications are then added and divided by the total percentago of sand, 
L€,t the clay is excluded. The sand is then classified according to the quotient thus obtained. 


No. 1 sand corresponds to quotients from 200-300 
No. 2 sand corresponds to quotients from 140-109 
No. 3 sand corresponds to quotients from 100-130 
No. 4 sand corresponds to quotients from 70- 99 
No. 5 sand corresponds to quotients from 50- 69 
No. 6 sand corresponds to quotients from 40- 49 
No. 7 sand corresponds to quotients from 3<>- 39 
No. 8 sand corresponds to quotients from 20- 29 
No. 9 sand corresponds to quotients from 10- 19 

From Standards and Tentative Standards for Testing and Grading Foundty Sands,** Ameiiean 
Fonhdrymen*B Association. July^ 1938. 
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As indicated previously, magnesium is used to a considerable extent as a deoxidiser 
in nonferrous foundry practice. It is also a minor alloying element or a constituent 
in subordinate amount in certain alloys. For making fixed additions of magnesium, 
it is advisable not to add the entire amount at once by simply throwing the metal 
into a liquid melt, but small pieces may be pushed under the surface by tongs and 
held until dissolved. If thrown into a liquid melt, the magnesium will break up, 
float on the surface, and bum. A useful device for making fixed additions of mag^ 
nesium is a form of ^^phosphorizer,” such as is used in adding phosphorus to alloys. 
The tubular device of Naylor and Hutton (U.S. patent 1475055) is useful, or the 
perforated cmcible [16] shown in Fig. 7 may be employed. 

Impregnation of Magnesium Castings. — Even with the utmost care, there is a 
decided tendency for magnesium castings to be porous. This tendency can be jbor- 
rected to some extent by impregnating the castings with tung oil or with sodium silicate 
solution under pressure. In the case of sodium silicate, the casting has to be thor- 
oughly cleaned, or unsightly stains result. Tung oil seems to be the better reag^t, 
though it has been difficult and sometimes impossible to get under war conditiol|^s. 
Pressures up to 200 lb. per sq. in. and temperature up to 475®F. are often used. Thk, 
of course, Necessitates carrying the process on in an autoclave. \ 

Anodizing* — Consolidated Vultee Aircraft Corporation has recently announced 
that it has a corrosion- and abrasion-resisting finish, produced by anodizing in an 
alkaline solution, which will apparently be made generally available to industry. 
Except that it requires a fairly close temperature control (from 171 to 179°F.), no 
details have been given out. 

Mechanical Treatment. — Both magnesium and certain magnesium-rich alloys 
can be readily rolled hot and to some extent cold, but when rolled cold frequent anneal-; 
ings are necessary between passes in order to avoid cracking. Both the metal and* 
magnesium-base alloys containing, for example, up to 10 per cent aluminum or zinc 
are worked (rolled or forged) at 350 to 400®C., and extruded at 550®C. The ordinary 
ribbon is made by pressing the semifluid metal into wire and then flattening it. The 
powder is made by disintegrating the metal in the pasty condition, or by milling. 
Magnesium and its alloys are soldered with great difficulty, but welding is done similar 
to aluminum welding. The use of a slightly reducing oxyacetylene flame and fluoride 
fluxes is recommended. Both magnesium and magnesium alloys may be machined 
very rapidly and easily, and the machinability of magnesium is unexceeded by any 
other metal. It exhibits no dragging tendency as does aluminum, and all machine-tool 
operations can be carried out much faster than on aluminum and its alloys. Welding 
is also carried on, using a hollow electrode through which helium is passed to give a 
neutral atmosphere. 

Metallograpliy. — Magnesium has a hexagonal close-packed lattice, with lattice 
parameter a » 3.22 and c » 5.23 (axial ratio 1.624). Magnesium does not work well 
because of its crystal structure. The ductile and malleable metals (like aluminum) 
have face-centered cubic lattices. The constitution and metallography of many 
binary systems of magnesium with other metals have been examined, and the dia- 
grams of thermal equilibrium published [25]. Magnesium and its alloys may be 
etched satisfactorily with dilute acids, e.g., acetic acid and nitric acid. A solution of 
1 per cent hydrochloric acid plus 0.5 per cent nitric acid in alcohol is also a satisfactory 
elciihig reagent. 

Selected Bibliography. — The literature on magnesium in general, particularly the 
ehemiGal side, is large. A few of the more imjportant references are given below. 

‘ 

1, LmisAn, A.: ^%’alununium, le baryum^le strontium, le calcium, le manganese, et 
h magn^mum,” J. B. Balli^e et 1^/|Paris, 1894. 
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Sources. — From a commercial standpoint, the only beryllium mineral now war- 
ranting attention is beryl, 3Be0.Al20j.6Si02, which is of fairly widespread occurrence. 
The chief deposits are in Brazil, Argentina, India, Canada, and Portugal. When pure 
this contains about 14 per cent beryllium oxide. The mineral richest in beryllium is 
phenacite, (Be0)2Si02, or beryllium orthosilicate, which contains 45.65 per cent 
beryllium oxide when pure. If anyone is ever fortunate enough to discover a large 
deposit of it, it will revolutionize beryllium metallurgy. 

Gadolinite, 2Be0.Fe0.2Y203.2Si02, is often referred to as a beryllium mineral, 
though the occurrences are comparatively scant and it is of more interest as a source 
of yttrium than it is of beryllium. 

There has been a good deal of talk recently regarding some occurrences of helvite 
occurring in the United States. Helvite is a complex manganese-iron beryllium 
silicate, and apart from difficulties that would arise in its treatment because of its 
composition, the beryllium content of the known deposits is not high. 

Early Metallurgy.— The element beryllium was first isolated by L. N. Vauquelin in 
1797.* He crushed and heated beryl, having the idea that this heating made the 
mineral more readily amenable to attack by chemicals, and then mixed the mineral 
with three times its weight of caustic potash and fused the mixture. The melt after 
cooling was dissolved in hydrochloric acid, dehydrated, and again taken up with 
hydrochloric acid and filtered to separate the silica. The filtrate was treated with an 
excess of potassium carbonate, and the precipitate after draining was leached with 
a solution of caustic potash which dissolved the alumina. The undissolved material 
was, in Vauquelin’s own words, une terre nouvelle. He dissolved this precipitate with 
nitric acid and evaporated to dryness, took up with hydrochloric acid and threw the 
iron out with potassium hydrosulphide, though he found that to make a complete 
separation of the iron involved a second treatment. The solution after throwing 
out the iron had a pronounced sweet taste, and though Vauquelin always spehks of 
working on terre du UrU he suggests that the new element should be known as *‘glu- 
cine ** (glucinum) from the Greek word for sweet, because of this outstanding ptoperi^y. 

Vauquelin did considerable work on the comparison of aluminum and beryllium, 
working out a separation of most of the aluminum based on its precipitation as alum. 

» An abridgement of this eection, by the editor, nppeani in the Non-ferrous Metattuirgy volume of tha 
Ameriean Institute of Mining and MebUlurgioal En^^neers, 

* phyMi, Vol. 26. pp- 1798. 
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His work is reviewed at some length, since ordinarily his procedure is incorreetly 
set forth in modem metallurgical works. It will also be recognised by those who have 
studied beryllium metallurgy that a good many technicians have followed his ideas 
since, including preheating the beryl before treatment, which has even been allowed 
as an invention in recent patent claims. The fusion with caustic alkali has been done 
by H. N. Warren (1894), G. Wyrouboff (1902), J. H. PoUok (1903), C. L. Parsons and 
Barnes (1906), F. Bran and G. Van Ordt (1907), L. Petit-Devaucelle (1926), and C. F. 
Brush, H. Fischer, H. H. Armstrong, G. Jaeger, and C. Adamoli, to cite only those 
processes immediately occurring to the author. R. H. McKee worked with alkalies 
in solution in an autoclave, rather than by fusion. 

Vauquelin also proved the existence in the emerald of the same new element^ that 
he had found in beryl. I 

Humphrey Davy (about 1808) and Wohler (1827) produced an impure metallic 
beryllium by reducing the oxide with metallic sodium or metallic potassium, \ 

The first use of alkaline carbonates as decomposition agents came over hdf a 
century later. Henri Debray in 1854 pulverized beryl and fused it with half Jits 
weight of calcium oxide. ^ The mass obtained by this fusion he powdered and trea^d 
with dilute nitric acid until a homogeneous jelly was produced. Then he evaporated 
the jelly to dryness and calcined until the nitrates of beryllium and iron were decom- 
posed as weU as some of the calcium nitrate. This residue he treated with ammonium 
chloride. Apparently he coimted on the evolution of ammonia by the decomposed 
calcium nitrate to keep most of the iron and alumina in the insoluble residue with the 
silica. If there was no evolution of ammonia, he argued that he had not carried his 
calcination far enough. He filtered off the solution of beryllium and calcium and 
poured the filtrate into an excess of ammoniacal ammonium carbonate solution and 
allowed the mixture to stand for 7 or 8 days, and then added some ammonium hydro- 
sulphide to precipitate the iron completely. He then filtered off the pure beryllium 
solution, which he concentrated by boiling until basic beryllium carbonate separated 
as a white powder. Again, metallurgists who have worked with beryllium will 
recognize that Debray’s caustic lime decomposition of beryl has formed the basis for 
at least a dozen metallurgical processes based on this method of attack. 

Debray refers at some length to Berthier’s work on the separation of beryllium 
from alumina. Berthier suspended the well-washed mixture of these earths in water 
and passed in sulphur dioxide until they dissolved, after which he boiled off the excess 
of sulphur dioxide. Berthier claimed that the alumina precipitated and left the 
beryllium in solution. Debray thinks it is an inferior separation, although it still 
figures in some modern patent work. 

The first decomposition of beryl with fluorine that the author has found was that 
of G. Sheffer in 1858, who heated beryl with fluorspar and sulphuric acid, thus driving 
off the silicon as silicon tetrafluoride.* The excess hydrofluoric acid is also driven off. 
He leached the residue with dilute sulphuric acid and threw out most of the alumina 
an ammonium or sodium alum. The rest of the alumina was thrown out by treating 
the solution with zinc, which produced an insoluble basic aluminum carbonate. The 
sine which had dissolved then had to be in turn removed in part as potassium zinc 
sulphate and finally as zinc sulphide, the beryllium eventually being precipitated 
by the use of ammonium carbonate. 

John Gibson in 1893 decomposed beryl with ammonium fluoride. This will also 
be recognized as a precursor of various recent patents. P. Lebeau as early as 1895 
described a process based on fusing beryl with twice its weight of calcium fluoride, 
wh|ch he stated could be done at a comparatively moderate temperature. He 

‘ Ann. eHm, Vol, 64, 3d serieB, pp. 6-41, 1866. 

, A Ann, Chm* PAonn., Vol. 83, p. 144-147, I860. 
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treated the melt with sulphurie acid, driving off silicon tetraffuoride and hydroffuotic 
acid. 

Lebeau also treated beryl in an electric furnace with an excess of carbon, reducing 
some of the silica to silicon, which distilled off, and in part reducing it to siliocm carbide 
and ferrosilicon. The aluminum and beryllium were converted into carbides. This 
electric'furnace product disintegrates by weathering and is easily attacked by sulphuric 
acid. 

In 1915, H. Copaux took out French patent 476475 which is based on fusing beryl 
with sodium fluosilicate. This process, sometimes with the addition of alkaline 
hydroxides or carbonates or of sodium fluoride, has since been followed by a number 
of inventors. 

£lectiic»fumace Processes. — Other metallurgists also worked with the electric 
furnace. L. Burgess produced beryllium carbide or beryllium silicide in an electric 
furnace, distilling off beryllium chloride. He also reduced under such conditions as 
to form tetraberyllium trisilicide and also worked on a method for concentrating 
beryllium in a scoria by forming ferrosilicon in the furnace, using an insufficient 
amount of carbon to reduce the beryllium (U.S. patent 1905340 of 1933). 

B. R. F. Kjillgren also worked on this idea of the production of ferrosilicon (U.S* 
patent 2092621 of 1937). 

H. Lowenstein based his process on the production of beryllium sulphide, using 
pyrite as a source of his sulphur and thus sulphurizing the beryllium (U.S. patent 
1777267 of 1930). 

D. Gardner worked on the production of beryllium sulphide by sulphurizing with 
carbon disulphide in the presence of an excess of carbon at 1800 to 2000®C. (U.S. patent 
2166659 of 1930). 

H. H. Armstrong reduced with carbon or CaC 2 at a temperature high enough to 
volatilize the Si, then leached with H 2 SO 4 (U.S. patent 2273168 of 1943). 

Reduction to Metal. — Although certain early experimenters following the proce- 
dure of Davy and Wohler claimed to have produced beryllium 99.8 per cent pure, it 
seems probable that Lebeau was the first to prepare metal of this or higher purity, 
which he did in 1894 by electrolyzing Na*BeF 4 at a temperature below red heat, using 
a nickel crucible to contain the electrolyte. This crucible also served as his cathode. 
The anode was graphite. 

One of the great obstacles to recovering beryllium as the pure metal is its extreme 
lightness. The slags or scoriae produced by chemical reduction are often heavier 
than the metal so that the metal floats on top of them instead of being protected by 
them. In the electrolytic production of beryllium, the fused electrolyte is often 
heavier than the metal, which means that it is difficult to prevent the metal from taking 
fire at the anode. This lightness of the metal is one of the reasons why it is easier to 
produce a master alloy of beryllium rather than the pure metal. 

Commetcial Processes. — In general, modem processes for beryllium production 
are based on bringing beryllium into solution as an alkaline fluoberyllate as initiated 
by Copaux or as beryllium sulphate or chloride, usually, in the last-^named n^ethods, 
dissolving the beryllium after a preliminary decomposition of the beryl by an alkrfine 
hydroxide or carbonate or an alkaline-earth oxide or carbonate. High-temperature 
chlorination has also been resorted to for the direct production of chloride, using 
chbiine, hydrochloric acid, and carbon tetrachloride or various combinations d them. 

The fluoride-recovery processes tidce various forms, as the fusion with sodium 
fluosilicate as devised by Copaux spoken of above, or by attack by hydrofluoric acid 
at high temperatures, or silicon tetrafluoride at high temperatures, or in organic 
solution; by treatment with ammonium fluoride both as a gas or in solutiim 
pressure] by the use of acid sodium fluoride dthw under presstue or at hi^ 
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ture; and most recent of all by the Kawecki process (U.S. patent 2312297 of 1943) 
employing sodium iron fluoride (iron cryolite). 

All these processes depend on the fact that the alkaline fluoberyllates are soluble 
in water though beryllium fluoride is not. 

As stated above, sulphate solutions are usually prepared after decomposition of 
the beryl with the alkaline or alkaline-earth hydroxides or carbonates, though Sawyer 
(U.S, patent 1823864) in 1931 claimed the use of sulphuric acid on the beryl itself 
after heating to 1000®C. Jaeger and Wille in 1939 (U.S. patent 2160547) claimed that 
beryl could be decomposed by treatment with sulphuric acid or acid sulphate if a 
small amount of fluoride was present, stating that only one-tenth of the amount of the 
costly fluorine radical was necessary in this process that would be required for a tom- 
plete decomposition of the beryl with fluorine. I 

One inventor rather dodges his responsibilities by stating that he prepares a 
sulphate solution “in any well-known manner.^^ \ 

Reduction to Metal. — There is no outstanding method for the reduction of bei|yl- 
lium metal any more than there is any process for the decomposition of beryl tha| is 
comparatively unequaled. There are various patents and processes covering the 
electrolysis of beryllium fluoride or beryllium oxyfluoride, Be0.5BeF2, such as those 
of Cooper, Zeppelin, Fischer, and Adamoli; for the electrolysis of beryllium fluoride 
in solution in molten calcium fluoride and in various halide electrolytes, and for the 
electrolysis of beryllium chloride in electrolj’tes where the metallic base of the solvent 
is more electropositive than is beryllium, such as sodium, potassium, or lithium 
chloride or mixtures of them. The electrolysis of beryllium hydroxide or beryllium 
chloridfe in solution in anhydrous ammonia has also been patented by Booth, Torrey, 
and Merlub-Sobel (U.S. patent 1893221), The use of sodium or potassium to reduce 
beryUium halides over 100 years ago by various experimenters has already been 
commented on. Magnesium has also been used to reduce the normal sodium fluo- 
beryllate, Na 2 BeF 4 , the monosodium fluoberyllate, NaBeF», and also beryllium 
chloride. It may be noted in passing that the reduction of chemically pure Na 2 BeF 4 
by pure magnesium is likely to result in a disastrous explosion. The direct reduction 
of beryllium oxide by magnesium fails because of the extreme infusibility of the oxide. 
The reaction quickly comes to a halt because of the lack of contact between the reducer 
and the material to be reduced. 

Beryllium is like alumium in that reduction by carbon produces a carbide rather 
than beryllium metal. It likewise resembles aluminum in that the reduction of 
beryllium and a basic metal for the production of a master alloy can be performed by 
the use of carbon, which reaction has been patented by Gahagan (2193482) and Gruber 
and Hessenbruch (2228310). Beryllium can also be produced in the same manner aa 
magnesium by thermal reduction with carbon, the beryllium being volatilized and 
then condensed. Beryllium can also be reduced by carbon in the presence of hydrogen. 
Some experimenters have claimed that the hydrogen must be in the atomic form but 
the writer does not feel sure that this has been proved. 

Other properties that make the metallurgy of this element a perplexing problem 
are the following; the metal has a high fusion point and a high vapor pressure at a 
temperature of not much above the fusion point; the pure metal is exceedingly light 
and has a tendency to float on slags and on fused electrolytes; the halides are all highly 
deliquescent^ and after they have absorbed water from the air, they cannot be recon- 
verted to an anhydrous salt by simple heating, as all the halides hydrolize readily; 
whm beQrllium hydroxide is precipitated, it has a tendency to occlude and adsorb 
otim salts and there is also a tendency to form basic and oxysalts. In short, beryllium 
deieryes characterization given it by Dr. C. B. Sawyer, of being ^Hhe world’s 

i metallurgical headache.'’ 
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Peroaa Process* — While it would be possible for anyone to construct bis own flow 
sheet from the information that has already been given, it may be of interest to follow 
in detail the recovery of the metal by the Perosa process. 

The beryl is heated and is then crushed and ground so that 100 per cent passes 
100 mesh. It is then mixed with acid sodium fluoride in the proportion of 4 atoms 
of fluorine to 1 atom of beryllium, and this mixture is briquetted. The beryllium 
is converted to sodium fluoberyllate when the briquettes are sintered at 650 to 80p®C. 
The sintered briquettes are crushed and ground and leached with hot water. The 
filtered solution is then purified from iron, manganese, and alumina by being made 
exactly neutral by the addition of sodium hydroxide, and a little potassium perman- 
ganate is added. The iron-manganese-alumina precipitate is filtered off, and an 
excess of sodium hydroxide added to the solution. Beryllium hydroxide is pre- 
cipitated, which is filtered off, washed, and dried. The drying temperature should 
not exceed the decomposition temperature of the hydroxide by more than a few 
degrees; for if it is dried at too high a temperature, its reactivity b»jcomes less than 
if it is dried close to its decomposition point. After drying, the material is ground 
in a paint mill with acid ammonium fluoride, which converts the hydroxide to ammo- 
nium beryllium fluoride. The ammonium-beryllium fluoride is then briquetted and 
heated at a temperature sufficiently high to drive off the ammonium fluoride, leaving 
pure beryllium fluoride behind. This beryllium fluoride is then reduced with mag- 
nesium or a magnesium alloy in the presence of some of the metal of which it is desired 
to form a master alloy. 

Because of the high cost of fluorine, no matter what the form in which it is obtained, 
the solution from the precipitation of the beryllium hydroxide must be treated to 
recover fluorine, as must also the slags from the final reduction. 

Uses of Beryllium. — Except for alloying purposes, the metal has no great value. 
The greatest use of beryllium is in the production of alloys with copper. These alloys 
require proper heat-treatment to bring out their best characteristics, this heat-treat- 
meiit being covered by U.S. patents 1975112 and 1975113 issued to Masing and Dahl, 
rights to which are held by the Beryllium Co. of America. When properly heat- 
treated the alloys, particularly in the range 2.3 to 2.6 beryllium, develop a tensile 
strength comparable to good steel with a fatigue limit which far exceeds that of many 
steels. The beryllium-copper alloys, even when the beryllium is in small quantity, 
have a high resistance to many forms of chemical corrosion. 

Some of the beryllium-nickel alloys, particularly those approximating 4 per cent 
Be, 96 per cent Ni, also have an amazing resistance to corrosion and have fine mechan- 
ical properties. It is understood that these alloys have been used to a considerable 
extent for surgical instruments by the Germans, 

The supply of beryllium has been insufficient during the war to meet even the 
demands for master alloys to make cuproberyllium, nickel-beryllium, and some o^her 
alloys for military use. There has been some interesting work done on light dloys of 
magnesium, aluminum, and beryllium stabilized with at least two other elements gnd 
employing fairly high percentages of beryllium (in the neighborhood of 22 to 25, per 
cent). Whether these alloys will find any commercial use after the war will have to 
wait untU it can be seen what the beryUium supply will be and what will be taken by 

the low-percentage uses. , « 

Determination of Betymum*^— The ore, usually beryl, should be ground i|nta 
100 per cent passes 100 mesh. Fuse 0.5 g. of the ground ore with potassium sodium 
carbonate in a platinum crucible, for at least 20 min. 

’ I Courtesy lAUjiuii Pitkin A Co.» Now York. 
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Transfer the melt to a porcelain casserole, and dissolve in H0* Evaporate to 
dryness on a water bath, repeating the evaporation with HCl to ensure dehy^ation of 
the silica. After the second evaporation, bake in a hot plate. 

Filter off the insoluble residue, dry and ignite in a platinum crucible, then treat 
the residue with HF and H 2 SO 4 until the silica is expelled. Fuse the silica-free 
residue in platinum with HKSO 4 and dissolve the melt, filter, and add the filtrate to 
the main solution. 

The solution is made slightly ammoniacal and the excess ammonia boiled off. 
Filter, redissolve the precipitate in HCl, and reprecipitate with NHa. 

Evaporate the united filtrates to fumes with an excess of sulphuric acid, dissolve 
in water, filter, and once more treat with ammonia. If there were fluorides iri the 
original sample, more NHj precipitate will form. Add it to the main NHs precipitate, 
if it does. \ 

Dissolve the hydroxide precipitate in 5 to 10 cc. of HCl, and dilute the solution to 
about 400 cc. Make barely ammoniacal, and then make barely acid with HCl. \ 

Then, while stirring, add an excess of hydroxyquinoline solution (5 per cent in 
acetic acid), then 10 cc. of neutral concentrated ammonium-acetate solution. He^, 
while stirring, to 60®C., on a water bath and allow to stand. If the precipitate is not 
too voluminous, it can be filtered on filter paper, otherwise it should be filtered on a 
gooch with the aid of suction. Wash well with cold water. 

The filtrate contains the Be, the precipitate contains the iron and alumina. Add 
excess NHj, boil on a hot plate to expel the excess, then filter off the Be(OH )2 on an 
ashless filter and wash with hot water containing some ammonium acetate and a few 
drops of NHs. 

Dry in a platinum crucible, incinerate carefully, and heat in a full Bunsen flame 
to constant weight. The residue is Be. BeO X 0.3626 » Be. 

The iron and aluminum can be determined in the hydroquinoline precipitate after 
destroying the organic matter by a treatment with nitric acid and sulphuric acid. 
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THE ALKALI AND ALKALINE-EARTH METALS 

By a. C. Loonam^ 

This chapter deals with eight metals which occupy a peculiar place in metallurgy. 
Three of them, calcium, sodium, and potassium, are among the five most abundant 
metals in the earth^s crust. Two otheis, barium and strontium, are plentiful and 
even the rarest, cesium, is no rarer than such well-known metals as cadmium, mercury, 
and antimony. Lithium is actually as abundant as zinc, and rubidium is also widely 
distributed. Their compounds are of great importance in every phase of life, yet 
the metals themselves are not generally known. Only one of them, sodium, is pro- 
duced in considerable quantity, but practically all of it goes for use as an industrial 
chemical and not as a metal. 

The reason for this, of course, is that these metals lack the physical properties that 
make others valuable. They are soft, weak, and rapidly corroded, and are therefore 
unsuitable for structural purposes. However, they have properties that make them 
of interest to metallurgists. They are all good conductors of heat and electricity; 
they form alloys that are liquid at the melting point of ice; their very reactivity makes 
them valuable as scavengers; their ability to form high melting compounds with some 
metals has resulted in new methods of metal purification; some of them show definite 
promise as minor alloy constituents; and last, but by no means least, three of them 
are becoming very important in the new and rapidly growing field of electronics. 

THE ALKALI METALS 

The alkali metals, in the order of their economic importance as metals, are sodium, 
potassium, lithium, cesium, and rubidium. These metals are the most electropositive 
of all the elements. They are silvery white, soft, and malleable. The hardness 
decreases in the order Li, Na, K, Rb, Cs. Lithium, the hardest, is softer than lead, 
while sodium and potassium are readily kneaded in the fingers. All have the same 
crystal structure, a body-centered cubic lattice. 

They are only slightly affected by dry air, but in moist air they quickly beeome 
coated with layers of hydroxide and carbonate which are not protective. In the case 
of lithium, the nitride appears to form first and then is hydrolyzed by the atmospheric 
moisture. For this reason, they must be kept either in sealed containers or under an 
inert liquid such as kerosene. When heated in air, they react to form peroxides such 
as Nas02 and K2O4. Lithium is an exception to this in that it forms a mixture of 
oxide and nitride. 

They react vigorously with water, alcohol, and dilute acids at ordinary tempera- 
ture, with the evolution of hydrogen to produce either t^ hydroxides or the corre- 
sponding salts. These hydroxides are very soluble, strongly alkaline, and very 
caustic, and are the most stable known in that they can be heated to very high tem^ 
peratur^ without dissociation. 

The salts of these metals are colorless, except when the acid radical is colored; 
Most of them are readily soluble in water. The few notable exceptions are ttie car- 
boxiate, jphosphate, and fluoride of lithium; the pyroantimoniate and some complex 

^ Consultbg metalluigbt, DeutAoh A L^cstamt Haw York. 
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uiunyl acetates of sodium; the chlorplatinates, acid tartrates, hexamtrooobaltates 
(cobaltiuitrites), and perchlorates of potassium, rubidium, and cesium; and the 
fiuosilicates of all the metals except lithium. Cesium also forms insoluble complex 
chlorides with stannic, plumbic, and antimonious chlorides which are useful in sep- 
arating it from the other elements. The aluminum alums of potassium, rubidium, 
and cesium decrease in solubility in the order named and have also been used for 
separations. 

Two unusual properties of these metals are their ability to form salts with hydrogen 
(hydrides) and their solubility in liquid ammonia. In the hydrides, of the type LiH, 
the hydrogen is present as a negative ion, just as the chlorine is in NaCl. When 
fused and electrolyzed, the hydrogen is evolved at the anode. These substances are 
decomposed by water, liberating one molecule of hydrogen for each molecule of 
hydride. \ 

Dilute solutions of these metals in liquid ammonia are blue, transparent,! and 
conduct an electric current electrolytically just as do aqueous salt solutions. Con- 
centrated solutions, on the other hand, have a metallic luster and conduct the curient 
electronically as do the metals. 

Most of the salts of these elements impart characteristic colors to the Bunsen 
flame. 

The principal physical properties of these metals are given in Table 1. 


Table 1. — Physical Properties 



Li 

! Na 

K 

Rb 

Cs 

Atomic weight 

6.94 

23.00 

39.10 

85.48 

132.91 

Speciflc gravity, 20®C 

Coefficient of expansion per °C. at room 

0.53 

0.97 

0.86 

1.53 

1.9 

temperature, X 10”® 

56 

71 

83 

90 

97 

Melting point, 

186 

97.7 

63.5 

39 

28 

Boiling point, 

1372 

892 

774 

679 

690 

Heat of fusion, cal. per g 

159 

27.4 

14.7 ! 

6.1 

3.8 

Heat of vaporization, cal. per g 

Mean specific heat solid, 0® to melting 

4650 

1005 

484 

212 

123 

point, cal. per g 

1.046 

0.293 

.177 

0.0831 

0.054 

Liquid. 

1.08 

0.326 

.197 

0.092' 

0.060 

Gas 

0.716 

0.216 

.127 

0.058 

0.037 

Electrical resistivity,® 0®C 

Thermal conductivity, c.g.s. units'^ 

8.55 

0.17 

4.2 

0.323 

6.15 

.237 

12. 5*^ 

18.83 


« Microhms per cm. cube. 

* Cal. per aq. cm. per sec. per cm. per 
•2(PC. 


SODIUM 

Sodium is by far the most important, industrially, of all the metals considered 
in this chapter. 

Oceuixeace* — Sodium is very plentiful. According to F. W. Clarke it is the sixth 
most abundant element, making up 2,75 per cent of the IB-mile crust of the earth, or 
hthosphere, and L14 per cent of the watery layer, or hydrosphere. It is an important 
constituent of the rock-forming silicates. 

The most important source of sodium and its compounds is common salt, NaCl, 
the mineral halite. Enormous deposits of this substance occur in different parts iat 
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the world, the most important United States deposits being in the New York-Pepn- 
sylvania*Ohio area, in Michigan, along the Gulf Coast of Mississippi, Louisiana, and 
Texas, in Kansas, and in the western Virginia- West Virginia area. 

While some salt is mined by underground methods, the greater part is recovered 
by drilling wells, admitting water, and pumping the brine out. Considerable quan- 
tities of salt are also recovered from sea water by solar evaporation, from salt lakes, 
and from underground brines. 

Other sodium salts, such as the nitrate, sulphate, carbonates, and borate, are 
also found naturally in economic quantities. Of these, the nitrate and borate are 
valuable for their acid radicals, while the output of the others is small compared with 
supplies from other sources. 

Metallurgy. 1. Thermal . — Although sodium was first prepared by electrolysis by 
Davy in 1807, this method was to wait for over three-quarters of a century before 
being placed in commercial use, mainly because of the lack of large supplies of electric 
current. 

Meanwhile, thermal methods were developed. In 1808, Gay-Lussac and Thenard 
observed that metallic iron would reduce sodium hydroxide at high temperature. 
In the same year, Curaudau discovered that sodium carbonate could be reduced by 
charcoal. This process was brought to its highest state of development by H. Sainte- 
Claire DevUle who used the metal in his process for producing aluminum. He heated 
an intimate mixture of NaiCOg, charcoal, and chalk in a horizontal iron retort and 
condensed the volatilized sodium in a specially designed condenser. This condenser, 
developed by Donny and Maresca in 1852, presented a large surface for radiation 
and was a considerable advance over those previously in use. The purpose of the 
chalk was to prevent the separation of the fused carbonate from the rest of the charge. 
Later it was found that the addition of iron or its oxide to the charge accelerated the 
reaction. 

Later, H. Y. Castner invented a process in which sodium hydroxide was reduced 
in iron retorts by highly carburized iron. This apparently was considered an improve- 
ment over the Deville process. 

Sodium can be liberated from its compounds by other reducing agents. Alumi- 
num, magnesium, and, probably, also calcium and calcium carbide will reduce the 
hydroxide at high temperatures. Calcium and calcium carbide will react with the 
chloride. Finally, 75 per cent ferrosilicon will reduce the oxide. This fact has 
become widely known in the last few years as a result of the use of this reducing agent 
for the production of magnesium. The sodium present in the calcined dolomite was 
reduced and volatilized. It condensed at a point nearer the ends of the retorts than 
the magnesium and frequently ignited when the retorts were opened. An outstanding 
contribution of Dr. L. M, Pidgeon to the success of this process was his development 
of a condenser in which the sodium was collected separately from the magnesium and 
therefore had less chance of igniting the latter when it caught fire. 

2. Eketrolytie Meihod 9 .-— It has not yet been found possible to deposit sodium 
directly from aqueous solutions of its compounds. The reason for this is the high 
discharge potential of the metal compared with that of hydrogen. Theoretically, this 
difference could be overcome by using a solution in which the ratio of concentration 
of sodium ion to hydrogen ion is sufficiently high or if a high hydrogen overvoltage 
could be secured at a sodium surface. However, even a saturated sodium hydToxidO 
solution does not give the ion ratio required, and the greatest practical current 
ties do not give the needed overvoltage. 

Sodium can be readily electrolyzed into mercury from aqueous sodium*^lt 
solutions. This is comparatively easy for two reasons: (1) the discharge potential 
of the sb^um is lower because a dilute solution of the metal in mercury is produced^ 
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and not the pure metal, and (2) the hydrogen overvoltage at a mercury surface is high* 
Thousands of tons of sodium are electrolyzed into mercury from NaCl solutions in 
alkali-chlorine cells every year only to have the amalgam decomposed by reaction 
with water to produce caustic soda. 

The possibility of recovering the sodium by distillation of the mercury from this 
amalgam has attracted the attention of inventors for many years, and this interest 
continues. The chief difficulties apparently have been the large amount of mercury 
to be distilled per unit of sodium produced, losses of mercury in the process, and the 
difficulty of removing the last traces of mercury from the sodium. However, the 
application of modem physicochemical methods may overcome these and make 
the process commercially feasible. One recent patent,^ for instance, calls for coaling 
of the amalgam from the cell to crystallize out a solid phase much richer in somum, 
which is removed by filtration and treated further while the impoverished mercury 
is returned to the cell. Another* describes the use of an alkaline-earth metal, suck as 
calcium, to remove the last traces of mercury from the molten alkali metal ik a 
manner similar to the use of zinc in the Parkes process. 

At the present time, practically all metallic sodium is produced by the electrolyse 
of fused salts. A great many ingenious cells have been designed for this purpose, some 
of them even reaching the stage of commercial operation, but only two, those of 
Castner and of Downs, have stood the test of time. 

The Castner Cell. — The development of direct-current generating machinery 
during the seventies and eighties of the last century provided the large supplies of 
cheap electric power required for electrolytic processes. H. Y. Castner patented his 
cell in 1890. It quickly displaced the thermal processes and reached a dominant 
position, which it held until about 1924 when the Downs ceil appeared. It is now 
no longer in use in the United States. 

The cell, which is shown in Fig, 1, consisted of a cast-iron pot open at the top and 
with an opening at the bottom to which an iron sleeve was attached. The iron 
cathode leadin passed up through this sleeve and was held in place and insulated from 
it by frozen electrolyte. The cathode itself, the enlarged end at the top of the leadin, 
was also of iron. The anodes were suspended from the cover of the cell, to which the 
positive lead was attached, and were of iron or nickel; if of iron, the anode and cover 
were sometimes cast in one piece. Through a hole in the center of the cover, and 
carefully insulated from it, was suspended another iron sleeve to the bottom of which 
was attached a cylinder of iron or nickel gauze. This cylinder served as a metal 
well and had a removable cover to permit removal of metal, while the gauze that 
hung between the electrodes prevented the sodium from reaching the anode, since its 
high surface tension and its inability to wet the gauze prevented it from passing through 
the meshes. The cell cover had openings for feed and for escape of gases. 

The electrolyte was fused sodium hydroxide. This material has several advan- 
tages: its melting point is low, it is not corrosive to iron, and the anode product, 

oxygen, permits the use of iron or nickel as anode, and requires no elaborate collecting 
system. 

The temperature of operation was kept as low as possible, not more than IQ to 20® 
above the melting point of the bath, which was lower than that of pure caustic because 
of the presence of impurities, including water. The reason for this was that the 
current efficiency fell off rapidly and became small at only slightly higlier tempera- 
tures. Even at best, the efficiency could have been no better than 60 per cent, as an 
amount of hydrogen equivalent to that of the sodium was liberated at the cathode. 
This hydrogen came from decomposition of the water which was produced together 

^ ^ U. 6. pfttem 22S4S14. 

' * SdM patent May 4, 1939. 
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with oxygen by the discharge of OH- ion at the anode and carried to the cathode. 
The solubility of water in NaOH at operating temperatures is considerable. The 
presence of this hydrogen necessitated the greatest care to prevent its mixing with 
oxygen and causing explosions. As it was, minor explosions were of frequent occur- 
rence owing to a number of reasons.^ 

During operation the liberated sodium was removed from the metal well by means 
of a perforated ladle which permitted the fused bath to drain off while retaining the 
metal. In actual practice, the current efficiency averaged about 40 per cent, while 
the cell voltage was about 5.0. The energy consumption was therefore about 6.6 
kw-hr. per lb. of metal. 



Fig. 1, — Castner cell. 


The Downs Cell. — The logical raw material for the production of metallic sodium 
is common salt. It is cheap and plentiful, chlorine can be recovered as a coproduct, 
and current efficiencies much greater than 50 per cent should be obtainable. On 
the other hand, it has a number of disadvantages; its melting point is high (803®C.), a 
temperature at which the vapor pressure of sodium, which is lighter than salt, is 
almost half an atmosphere; it rapidly attacks refractories; and the chlorine produced 
is difficult to handle. Its advantages were early recognized, and numerous attempts 
were made to overc-ome the difficulties. Some workers, such as Ashcroft and Carrier, 
tried to use a divided cell similar to the mercury caustic-chlorine cell. Molten salt 
was electrolyzed in one compartment with a graphite anode and a molten lead cathode. 
The chlorine given off at the anode was collected, while the lead-sodium alloy was 
caused to flow to another compartment containing molten caustic soda. Here it 
served as an anode with the result that the sodium was electrolyzed out of the alloy 
and deposited on an iron cathode suspended in the bath. Other workers, including 
McNitt and Seward and von Kflgelgen, attempted to produce the sodium directly. 

It remained, however, for J. C. Downs,* in 1924, to solve all the difficulties involved; 
This cell, which is shown in Fig. 2, and which now accounts for by far the greatcar 
part of the sodium produced in the United States, must be ranked with the FbfcH 
aluminum cell and the Dow magnesium cell as one of the most successful fu#e4 
electrolytic cells yet developed. It conrists of a steel box lined with refractory and 
insulating brick. The graphite anode extends downward through the bottom of the 

» Allhaho and BxAnroaAM, “ AppKcd Eleotrochemiatry,” p. 498. 

« U. 6. patant 1501756 (1924). 
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tank to the electrical coimections. The cathode is an iron ring supported on iron 
leads that extend through the sides of the cell to the electrical connections. Over 
the anode, and submerged in the electrolyte, is a conical bell which, according to the 
patent, may be of iron or refractory, for collecting the chlorine. Surrounding the 
lower edge of the bell is an inverted annular launder, also submerged, for collecting 
the sodium. Screens attached to the edges of this launder and extending downward 
on both sides of the cathode serve to prevent the sodium from being carried away. A 
riser attached to the top of the launder permits the metal to flow continuously into 
an external sump. The riser extends far enough above the bath level so that the 
metal, because of its low specific gravity, can overflow but the bath cannot. The 
riser and sump also permit the metal to cool before it is discharged. An openi|ig in 
the cell cover is provided for charging. 



Fig. 2. — The Downs sodium cell. (From Kiegel’s “Industrial Chemistry,” p. 314, eourteay 

of Reinhold Fuhlishing Co.) 

The electrolyte is not pure salt but a mixture of this with calcium chloride. These 
form a eutectic containing 66.8 per cent CaCl 2 and melting at 505®(v. The use of this 
mixture, with its lower melting point, permits lower operating temperatures with 
resulting reduced wear and teai on the cell parts. The actual operating temperature 
is around 600®C. 

The metal deposited at the cathode is not pure sodium but an alloy containing 
calcium. The amount of calcium in the alloy is not known, but calculations based on 
the Ca-Na equilibrium diagram and thermodynamic data indicate a concentration of 
1.4 per cent if the bath has the eutectic composition. It may be higher than this but 
cannot exceed about 5.5 per cent, the solubility limit at 600®. 

It can be removed by cooling as its solubility decreases rapidly as the temperature 
is reduced, becoming about 4 per cent at 400®, 2 per cent at 200®, and a very low value 
at the melting point of sodium, 97.7®C. If the cooling in the riser is considerable, an 
appreciable amount may crystallize out there and, because of its higher density, fall 
back into contact with the electrolyte and react with it to reproduce the equilibrium 
alloy. Other methods can also be used. R. E. Hulse has patent<ed^ a method in 
which the calcium containing alloy is brought into contact with solid salt, whereupon 
Ihe calcium forms calcium chloride and sodium. Finally, the method, mentioned 
above, of using calcium to remove mercury from sodium can probably be turned 
patent 2224820. 
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afouad; t.e., mercury can be used to remove calcium. In any Case, the purity of the 
metal marketed leaves little to be desired as it is considerably better than 99.9 per cent* 

The chlorine produced by the cell is pure enough to be liquehed. 

The salt is very carefully purified and heated to a high temperature to remove all 
possible water before being fed to the cell. In spite of this, some water gets in and 
causes minor explosions during operation. 

The current efficiency of the cell is high, probably better than 86 per cent, Man- 
tell^ gives the voltage as about 7. These correspond to an energy consumption 
of 4.4 kw.-hr. per lb. of metal. 

The sodium is cast into 1-, 2J^-, and 12-lb. ingots or ** bricks” which are packed 
in removable head drums holding 280 lb. or in cases of 60 and 100 lb. Larger quan- 
tities are shipped in tank cars similar to those used for sulphuric acid and other 
industrial chemicals. The cars, made by the American Car & Foundry Co., and 
possibly by other manufacturers, hold 40 tons each. The molten metal is pumped 
into them, allowed to freeze, and remelted before unloading. This is probably the 
only case in which a metal has been shipped in such a manner. The low melting 
point, low specific gravity, and fairly large-scale production and use make this possible. 

Production and Prices. — According to T. P. Hou,® there were two plants producing 
sodium in the United States, one at Niagara Falls, N. Y., and the other at Baton 
Rouge, La., with a total capacity of 120 tons a day as of the end of 1940. The world 
production for 1941 was estimated at 300,000 tons.® 

The present published price is cents per lb., f.o.b. Niagara Falls, for untrimmed 

bricks. 

Uses. — The present important uses for sodium are based entirely on its chemical 
properties. Large quantities are made into a lead-sodium alloy for the manufacture 
of tetraethyl lead for high-octane gasoline. The alloy reacts with ethyl chloride in 
accordance with the equation 

Na 4 Pb 4- 4C2HfiCl « (C 2 H 6 ) 4 Pb + 4NaCl 

An important product, from a metallurgical standpoint, is sodium cyanide. When 
the metal is heated in ammonia, it forms sodamide, and this, when treated with char- 
coal, yields sodium cyanide. This high-grade product is used in electroplating and 
in heat-treatment of metals. 

When heated in excess air or oxygen, sodium does not form the normal oxide but 
goes over to the peroxide, Na202, a light yellowdsh-white powder. This substance is 
really a salt of hydrogen peroxide and is therefore a powerful oxidizing agent. It is 
manufactured on a large scale and is widely used as a bleaching agent and for the 
manufacture of other oxidizing agents such as sodium perborate. 

Sodium is also an essential raw material in the manufacture of a number of impor- 
tant organic compounds. 

Of interest to metallurgists is the fact that a small amount of sodium (0.06 per 
cent) added to aluminum-silicon casting alloys shifts the eutectic composition from 
the normal value of 11.7 per cent silicon to 14 per cent. The eutectic temperature is 
also lowered from 577 to 664®C. By this treatment the microstructure of an alloy 
with 13 per cent Si, which would normally contain brittle primary crystals of silicon 
in a ground mass of Al-Si eutectic, is transformed into one with primary crystals of 
aluminum in a ground mass of extremely fine eutectic with a resultant improvement 
in physical properties, notably in tensile strength and elongation. According to 

i ‘'Indu^rial Saeotroohomiatry.” 

* *' Mshulaotate of Sod^,” 2d ed., p. 829. 

* Mineral Xnd., Vol. 50. p. 611. 
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Edwards, Frary, and Jeffries,^ the optimum concentration of sodium in the aOoy is 
0,014 per cent, but an excess must be added to allow for losses. 

Sodium is an excellent conductor of electricity. On a volume basis its conductivity 
is about 36 per cent of that of copper, but on a weight basis it is about 3.3 times as 
good. Some years ago the Dow Chemical Co. built an outdoor conductor of sodium- 
filled steel pipe, with a capacity of 4000 amp. direct current. An article* was pub- 
lished describing the installation, and it was stated that no appreciable increase in 
resistance was noted after 10 months’ service. 

Addition of sodium to the mercury used in the amalgamation of gold ores some- 
times improves recovery. This was also recommended at one time for platinuin ores. 
The sodium increases the ability of the mercury to wet the precious metals, j This 
same property is the basis of a recommendation that small amounts of sodium be ^ded 
to metals used for hot-dip coatings. \ 

The metal has been recommended as a heat-transfer medium because of its low 
melting point, high boiling point, and excellent thermal conductivity. It is com- 
pletely inert in iron and steel in the absence of air and moisture. An interestmg*'|iise 
in this connection is in airplane-engine valves. These are made hollow and are 
partially filled with sodium, which aids in keeping them cool by greatly increasing the 
heat transfer from the head to the stem and thus to the lubricant. 

Another use for the metal is the removal of arsenic and antimony from lead-tin 
alloys. However, anyone using this process should remember that the dross formed 
will contain sodium arsenide which reacts readily with moisture, even that in the air, 
to form arsine, an extremely poisonous gas. 

A very important application, although it accounts for only a small consumption 
of the metal, is the sodium-vapor lamp now widely used for highway lighting. In 
this lamp an electric current is passed through sodium vapor at low pressure, causing 
it to emit the well-known D lines of the sodium spectrum. These lines account for a 
large fraction of the energy supplied and lie in the region of the spectrum to which 
the human eye is most sensitive. The lamp is therefore very efficient. 

POTASSIUM 

This metal is much less important commercially than sodium. 

Occurrence. — Potassium is the seventh most abundant element in the earth’s crust 
according to F. W. Clarke, who states that it accounts for 2.58 per cent of the litho- 
sphere and 0.04 per cent of the hydrosphere. These figures show an important differ- 
ence between this metal and sodium in that, although it is almost as abundant in the 
solid crust of the earth as the other, it is much less so in the waters, principally, of 
course, the oceans. This tendency of potassium to remain in or return to the solid 
phase has the important consequence that large deposits of soluble salts of this metal 
occur much less frequently than those of sodium. However, rare though they are, 
they are the chief commercial sources of the metal and its compounds. 

The principal deposits of potassium salts are at Stassfurt, Clermany, in Alsace, 
France, and in the area around Carlsbad, New Mexico. Other sources that have 
produced commercial quantities are the nitrate beds in Chile which contain appreciable 
quantities and from which a nitrate high in potassium has been produced, underground 
brines at Salduro, Utah, Searles Lake in California, and the Dead Bea in Palestine, 
the waters of which are high in potassium salts and constitute the richest source in 
the British Empire. During the First World War considerable quantities were 
recovered from cement plants. The potassium in the rock was volatilised in the 
kiliis imd recovered in Cottrell precipitators. 

' Aluminum Industry/* Vd, II, pp. 72-76, 209-215. 

.■■TVant, Slteiwhem. Soc., Vd. 62, p. 161, 19S2. 
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The discovery of the Carlsbad deposits during the 1920^8 was of extreme importance 
to the United States. It provided this country with its own supply of this important 
fertilizer and avoided the situation that occurred during the First World War when 
our supply from Germany was cut off. 

In the Stassfurt deposits, the potassium occurs as a number of complex salts from 
which it is recovered by leaching and fractional crystallization. The working out of 
this process represents one of the first and one of the greatest triumphs of modem 
physical chemistry and the application of the phase rule. 

The Carlsbad deposits consist mainly of a mixture of sylvite, KCl, and halite, 
NaCl, although one mine (jjntains a commercial deposit of langbeinite, K 2 S 04 . 2 MgS 04 . 
The two chlorides are separated by flotation in saturated brine. There are two 
processes in use; in one the halite is floated away from the sylvite, while in the other 
it is the sylvite that floats. 

Metallurgy. 1. Thermal . — Potassium can be prepared by any of the methods 
used for sodium. Reduction by carbon, however, is complicated by the fact that, 
unlike sodium, metallic potassium tends to combine with carbon monoxide to form a 
highly explosive compound of the formula K 2 C 2 O 2 . The metal vapor must be con- 
densed and the liquid metal cooled rapidly to a low temperature to avoid its formation. 
Rubidium and cesium act similarly to potassium. 

The dolomite supply of one of the magnesium plants using the Pidgeon process 
during the Second World War contained potassium as well as sodium. Both were 
reduced by the ferrosilicon with the result that a liquid Na-K alloy was condensed 
which could be tapped from the retorts by opening a valve. Consideration was given 
to recovering the potassium from this alloy by fractional distillation but, so far as is 
known, no actual production came from this source. 

The principal producer of sodium for general industrial use in the United States is 
making a commercial grade of potassium by treating one of its salts, presumably the 
chloride, with sodium. It would be difficult and expensive to prepare metal sub- 
stantially free from sodium by this process, but the crude product should be entirely 
suitable for most commercial purposes. 

2. Electrolytic . — As in the case of sodium, potassium has not yet been deposited 
directly from aqueous solutions, but, also similarly to sodium, it can be electrolyzed 
into a mercury cathode. This could be the basis of a process for the recovery of this 
metal just as for the other but, judging from the patent literature, the interest has 
been much less than in the commercially more important sodium. 

The metal can be produced by electrolysis of its fused hydroxide. The Castner 
sodium cell, however, is not suitable for this purpose as it does not provide sufficient 
protection of the metal from the air since potassium is much more reactive with 
oxygen than sodium. On the other hand, as von Hevesy^ showed, if suitable pre- 
cautions are taken, higher current efficiencies can be secured with this metal than 
with the other, as its solubility in its hydroxide is less and its rate of diffufifton lower. 
He used a cathode surrounded by a magnesia crucible to protect the metal from the 
air. 0. P. Watts* describes a laboratory experiment for making potassium which ii^ 
based on von Hevesy^s work. He recommends thrusting an iron wire cathode 
through the bottom of a magnesium oxide crucible and inverting this in the fiised KOH. 
A piece of sheet iron is used as an anode. There are explosions when the current is 
first turned on owing to reaction of the potassium with the air in the crucible. The 
author states that a current efficiency of about 5$ per cent has been obtained with 
this arrangement. 

Myetroehtm., Vd. 1$, p. 539, 1909. 

« ** A Laboratory Courao in Electrookemigtry,*’ 
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The production of potassium by electrolysis of its fused chloride presents a number 
of difficulties, one of which is the fact that its boiling point is about the same as the 
melting point of the chloride (774^0.). Because of the strongly electropositive 
nature of the metal, there are relatively few salts that could be added to the bath to 
reduce its melting point without fear of contamination. Potassium fluoride, which 
forms a eutectic with the chloride having a melting point of 605°C., appears to be the 
most promising, with barium chloride (melting point of eutectic 660®) a possibility 
and potassium bromide suitable for laboratory work. A. Matthiessen claimed, in 
1855, that he obtained potassium free from calcium by electrolyzing an “equimolec- 
ular” mixture of potassium and calcium chlorides, but th^ is some reason to doubt 
this. Although his mixture probably contained 66?^ molecular per cent KCl (cilcium 
was considered to have a valence of one at that time), Moldenhauer and Anderson^ 
recovered a product that was chiefly calcium from a bath containing 69 molecular 
per cent KCl, although there was evidence that some potassium was formed. \ 
linneman produced the metal by the electrolysis of fused potassium cyanid^ 
Production, Prices, and Use. — There is no information available regarding produc- 
tion and prices. The metal has no large-scale application. Its high equivalent weight 
and high price compared with sodium discourage its use even where its greater reactiv- 
ity would cause it to be preferred. Increased availability may, however, change 
this situation. 

One important use, which, however, accounts for only a minor consumption, is 
that in photoelectric cells. The photosensitivity of potassium extends into the visible 
region of the spectrum and is superior to that of sodium in this respect and, although 
inferior to cesium and rubidium, the metal is much more plentiful. 

Sodium and potassium form alloys that arc liquid at ordinary temperatures. 
That with the lowest melting point, — 12.5®C., has the composition 22.7 per cent 
sodium and 77.3 per cent potassium. These alloys have been suggested for use in 
high-temperature thermometers. 


LITHIUM 

Lithium is the lightest of all the metals. Although it is definitely a member of the 
alkali group, it resembles the alkaline earths in some of its properties, such as the low 
solubilities of its carbonate, fluoride, and phosphate and its formation of a stable 
carbide and silicide. 

Occurrence. — Although generally considered a rare element, lithium is really as 
abimdant in the earth's crust as zinc and more so than such common metals as lead, 
tin, cadmium, and antimony. However, it is widely distributed, and there are 
comparatively few workable deposits. 

Spodumene, LiAl(Si 03 ) 2 , and the lithia micas, lepidolite and zinnwaldite, are 
economically the most important lithium minerals. Spodumene, which contains 
about 3 to 8 per cent Li20, is the chief source in the United States. It is mined in 
South Dakota and in North Carolina near Kings Mountain. In both localities, it 
occurs associated with other minerals and is recovered by flotation. According to 
Bowles,* mill capacity for spodumene concentrate was 2000 tons a month at the end 
of 1043. Another important source is Searles Lake brine from which lithium sodium 
phosphate is recovered. About 300 tons of this material was shipped in 1 938. Some 
lepidolite is also produced in the United States, but most of this goes directly into 
glass and ceramic manufacture, very little being used for the production of lithium 
salts. 

AM. EMfothm., VoL 19. p. 444. 1918. 

; » Mkrdng MM., Vol. 25. p. 85, 1944. 
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lithium is extracted from silicate minerals by heating a mixture of the finely 
powdered material with an excess of potassium sulphate to a moderate red heat, care 
being taken to keep the temperature below the melting point of any of the constituents 
of the mixture.^ An exchange reaction takes place, the potassium replacing the 
lithium which is converted to a soluble sulphate. The cooled mass is leached with 
water and the lithium precipitated from the solution as the carbonate, from which 
other salts can be made. 

F. Fraas and 0. C. Ralston, at the U. S. Bureau of Mines, recently worked out a 
process* in which spodumene is mixed with calcium chloride and lime and heated in 
a rotary kiln. The lithium is volatilized as chloride and is coUected in scrubbers and 
Cottrell precipitators. No information is available as to whether this process has 
yet been applied commercially. 

Metallurgy. 1. Thermal. — Unlike the other alkali metals, lithium oxide or 
carbonate cannot be reduced to metal by carbon since a stable carbide is formed. 
Mellor^ states that metallic calcium will reduce the chloride but that the resulting 
alloy contains 3 to 4 per cent calcium which is difficult to separate. He also states 
that the hydroxide cannot be reduced by magnesium because the reaction proceeds 
with explosive violence. This is to be doubted. Hackspill and Pinck^ found that 
magnesium, aluminum, and iron reduce lithium oxide in high vacuum. The reaction 
with magnesium takes place at 450°, with aluminum at 1150°, while that with iron 
is incomplete at 1300°. 

Thermal processes have so far not been important in the metallurgy of lithium. 
Unlike sodium and potassium, commercial production developed after the introduc- 
tion of the electric generator, 

2. Electrolytic. — Like sodium and potassium, lithium has not been deposited 
directly from aqueous solutions. However, as in the case of the other two, amalgams 
can be prepared. 

At the present time, the metal is produced commercially by the electrolysis of its 
fused chloride. According to Osborg (op. cit.)j the pure chloride is unsuitable even 
though it has a comparatively low melting point, 610°. The voltage soon rises and 
electrolysis ceases. However, the addition of KCl overcomes these difficulties, and 
this bath operates continuously in large units and at high yields. Current efficiency 
is high, over 90 per cent, and the lithium recovery, based on LiCl fed, is over 95 per cent. 

To ensure pure metal, the chloride must be pure, the ceils constructed of materials 
that are not attacked by the highly corrosive bath, and the metal itself protected from 
the nitrogen of the air with which it readily combines. As a result of controlling 
these factors, the purity of the metal has reached 99.5 per cent with a nitrogen content 
of 0.03 per cent. The lithium chloride should be free from water before it is added 
to the cell. Izgaruishev and Pletnev® as a result of work with a 225-amp. cell recom- 
mend a 1 : 1 mixture of LiCl and KCl as electrolyte with iron cathodes and graphite 
anodes. They give the cell voltage as 17, current efficiency as 85 per cent, and the 
direct-current power consumption as 34 kw.-hr. per lb. (75 kw.-hr. per kg.). The 
voltage appears to be much too high. 

An interesting method of preparing lithium is due to L. Kahlenberg.® He elec- 
trolyzed a concentrated solution of LiCl in pyridine. Using a carbon anode and a 
bright iron cathode, and a current density of 0.2 to 0.3 amp. per sq. cm. (1.9 to 2.8 
amp. per sq. ft.), he secured a dense, silver white, adherent deposit of metallic lithium. 

^ OssoBQ. monograph “Lithium,” Electrochemical Societ>, 193b. 

• Bw, Mines RepL Intet^igatione 3344. 

* “Comprehensive Treatise on Inorganic and Physical Chemistry,” Vol. 2^ p. 460. 

* BuU. aoe. eMm. Franee, Vol. 49, pp. 64--70, 1931. 

• Taeetfi^e JIfstol, p. 536, 1932. 

« Phue. Ckm.t Vol. 3, p. 601, 1899. 



84 


NONFERBOUS METALLURGY 


The potential drop across the cell was 14 volts. Lithium chloride is very soluble in a 
number of organic solvents. 

Production, Prices, and Uses. — No published information as to production has 
been found since 1929, when it was stated^ that the United States production was 
100 lb. per day. It has probably increased since that time. According to recent 
quotations, the price for 98 to 99 per cent metal is $15 per lb. in 100-lb. lots. 

Osborg (op, cit.) lists a large number of possible uses for lithium. Among these 
are the preparation of oxygen-free copper of high electrical conductivity and the 
degassing and purification of copper and copper-base alloy castings. Master alloys 
are commercially available for greater convenience in adding the lithium. Other 
suggested uses are the treatment of iron and stainless steel and as an alloying j 
uent with aluminum, lead, magnesium, and zinc. Some years ago, a lead-b 
ing alloy was developed in Germany and found extensive use. Called 
contained approximately 0.04 per cent li, 0.66 Na, 0.73 Ca, 0.03 K, less than lu 
cent Al, balance lead. An aluminum-base alloy, Scleron, which contained lit 
was also placed on the market in Germany for structural uses. Its composition was 
83 Al, 12 Zn, 2 Cu, 0.5 to 1 Mn, 0.5 Fe, 0.5 Si, 0.1 Li. 

An interesting compound of lithium, prepared by heating the metal in hydrogen, 
is the hydride, liH, to which reference was made in the introduction to this section. 
It is a solid with a melting point of 680® and reacts with water to liberate hydrogen. 
It has been proposed as a means of transporting this gas, as 1 lb., reacting with water, 
yields about 45 cu. ft., at ordinary temperature and pressure. It also reacts readily 
with other substances. 

The metal also has possible applications in organic chemistry. 

A recently announced metallurgical use for lithium compounds is their addition 
to the atmospheres of steel heat-treating furnaces. It is claimed that their presence 
prevents scaling and decarburization of the steel during treatment. 

CESIUM 

Cesium is the most electropositive and the most reactive at ordinary temper- 
atures of all the metals. 

Occurrence. — Cesium is the rarest of all the elements considered in this chapter. 
It is present in the earth’s crust to the extent of about 0.000008 per cent, approxi- 
mately the same as cadmium, mercury, and iodine. It is widely distributed and 
occurs in some mineral springs and in minute amounts in sea water. 

The principal mineral source is poliucite, H 2 Cs 4 Al 4 (SiOa) 9 , the only cesium mineral 
known. It occurs on the island of Elba, where it was first discovered. 

For a time the only commercial deposit in the United States was in Maine, but in 
1938, an important strike at the Tin Mountain mine in South Dakota was announced.* 
By the end of that year, over 100,000 lb. of ore containing 1 to 30 per cent CS 2 O had 
been produced. 

Cesium can be extracted from the finely ground mineral by digestion with strong 
hydrochloric acid. The resultant solution is treated with a solution of antimony tri- 
chloride to precipitate the cesium as a complex chloride. 

Lepidolite frequently contains significant amounts of cesium which can be recov- 
ered as a by-product when the mineral is treated for lithium. 

Metallurgy. 1. Thermal , — Cesium metal can be produced by reduction of the 
carbonate with carbon, but like potassium, it forms an explosive compound with car*^ 
bon monoxide. It can also be prepared by reduction of the chloride w;ith calcium or 
^^cium carbide or of the hydroxide with aluminum or magnesium. In all these pro^ 
* Mining Met,, Vol. U, p. 47, 1930. 

Mining Mel„ Vol. 20, p. 0, 1939. 
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cesses the metal Is liberated as vapor and condensed. Reduction of the chloride by 
calcium, which has been described by HackspiU,i appears to be the itoplest process 
as no gas is evolved and the entire operation can be conducted in a vacuum. Fob 
yakov and Fedorov* tried calcium carbide instead of the metal and obtained 75 per cent 
recovery of the cesium as metal. However, the reduction of the hydroxide by mag* 
nesium, investigated and fully described by Erdmann and Menke* and by Richards 
and Brink,* appears to be equally efficient provided certain precautions are observed. 
The reaction is carried out at a red heat in an iron tube through which a current of dry 
hydrogen is passed, and care must be taken to avoid too rapid heating and to maintain 
a how of hydrogen. 

Hackspill and Pinck* found that the sulphate, arsenate, thiocyanate, and other 
salts could be reduced by iron in a vacuum. The sulphate and arsenate were reduced 
at their melting pomts, the thiocyanate at 650°, while the borate and phosphate 
required temperatures of 1300 to 1400°C. 

2. Electrolytic . — As in the case of potassium, cesium amalgam can be prepared from 
aqueous salt solutions, but the metal itself has not been deposited. It has been pre- 
pared by electrolysis of a fused mixture of cesium and barium cyanides. 

Production, Prices, and Uses. — There is no available information as to production 
and prices. However, the total United States production of the metal and its salts 
probably does not exceed 500 lb. per year. Small though this is, it is very important 
because of the uses of the metal in electronics. Cesium is the only metal that gives 
off electrons when it is exposed to visible light of all colors. It is therefore widely used 
in photoelectric cells. Furthermore, by depositing exceedingly thin layers of cesium 
and oxygen on silver, a surface is obtained that is not only much more sensitive than 
one of pure cesium, but its sensitivity extends far into the infrared region of the 
spectrum. Because of these properties, this surface is used in the modem television 
camera and in ‘^black light” signaling devices. 

Another valuable property of the cesium-oxygen-silver surface is its efficiency as a 
secondary electron emitter. When struck by an electron, it gives off as many as nine 
secondary electrons, and it is therefore used in an extraordinary amplifying device 
called the “electron multiplier.” Amplifications of as high as 5 million have been 
obtained in 10 stages with this instrument. 

RUBIDIUM 

Rubidium is the least important, economically, of the alkali metals. 

Occurrence. — Rubidium is about ten times as abundant as cesium, but up to the 
present, no mineral of which it is a major constituent has been found. It has been 
found in sea water, mineral springs, camallite from the Stassfurt deposits, and in 
lepidolite. The last is the principal source, but reasonable quantities could be recov- 
ered from the Stassfurt mother liquors if a demand were to develop. 

Metallurgy.—The methods described for the preparation of metallic cesium apply 
equally to rubidium with only one possible exception, the eleotroly^ of the fused 
cyanide. However, rubidium has been prepared by the electrolysis of its fused 
hydroxide. 

Ptoductiou, Prieei, and Uaea.— There is no published information about produc- 
tion or prices. The metal has no use of any importance. It suffm from the fact 
that most oi its properties are intermediate between those of potassium and ooinm. 


1 Cimpt. rmd., Vot 141. p. 100. 1908. 

• Jimr. AlvMCkm. (V.S.S.B.). Val. 18, p. 1838, 1940. 
f itw. Ckeni. Soc., Vot 31, p, 259, 1099. 

*00., va 39, p. 138, 1907. 

• BiM. ttt, tMoin Vol. 49, p, 84, 1981. 
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THE ALKALINE-EARTH METALS 

T*he alkaline-earth metals, in the order of their economic importance, are calcium, 
barium, and strontium. Radium also belongs to this group, but it will not be dis- 
cussed in this chapter as it is important for its radioactive properties and is used only 
in the form of its salts. (See Chap. XXIII.) 

These metals are silvery white, malleable, and comparatively soft, although cal- 
cium, probably the hardest, is considerably harder than lead. Although second only 
to the alkali metals in electropositive character, they differ markedly from them. They 
have much better physical properties, higher melting and boiling points, and are 
generally less reactive at ordinary temperatures. Calcium, for instance, is moder- 
ately stable in the air, decomposes water only slowly, and is not attacked by alcohol. 
However, reactivity increases with atomic weight, and barium is about as active as 
lithium. \ 

Strangely enough these metals are not so easy to produce as those of the alkali 
group. There are a number of reasons for this, among which are their high mejting 
and boiling points, their great reactivities at high temperatures, and the fact that they 
form stable carbides, nitrides, and silicides. It is even more difficult to purify them 
as, in the liquid state, they dissolve not only other metals but also their own nitrides 
and silicides. Indeed it is only in recent years that even calcium has been prepared 
reasonably free from nitrogen. As a result only the latest determinations of physical 
properties are likely to be reliable. The situation is even worse in the castts of stron- 
tium and barium. 

The salts of these metals, like those of the alkalies, are generally colorless except 
where the acid radical is colored. On the other hand, many more of them are insoluble 
or only sparingly soluble. Among the most important compounds in this class are 
the hydroxides, carbonates, fluorides, sulphates, and silicates. Because of the less 

Table 2. — Physical Properties of Alkaline-earth Metals 


Ca Sr Ba 


Atomic weight 

Specific gravity 20®C 

(Coefficient of expansion per ®C, at room 

temperature, X 16-® 

Melting point, ®C 

Boiling point, ®C 

Heat of fusion, cal. per g 

Heat of vaporization, cal. per g 

Specific heat, room temp., cal. pe g 

Electrical resistivity,^ 0®C 

Ultimate tensile strength, lb. per sq. in.' 

Proportional limit, lb. per sq. in 

Elongation, per cent 

Reduction in area, per cent 

Hardness, Brinell 

Modulus of elasticity, lb. per sq, in 


40.08 87.63 137.36 

1.54 2.6 3.5 

25 

851 771 704 

1487 1384 1638 

55.7 25.0 10.2 

911 383 260 

0.157 0.68 

3.43 22.76 (20®) 

6300 

1500 

53 

62 

13 

2,900,000- 

3,700,000 


i Microhms per oentimeter-cube. 

* Mechfmieal properties are from N(U. Bur. 8landard» Cire, C 447 and were determined on distilled 
containing 99.3 per cent Ca» 0.14 per cent Si, 0.02 per cent Fe. 
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electropositive character of these metals, their salts with weak acids are more readily 
decomposed and those with strong acids show some tendency to hydrolyse in the 
presence of water. The hydroxide and caxbonate of calcium, for instance, are readily 
converted to the oxide by heating, and it is difficult to prepare anhydrous calcium 
chloride because of hydrolysis. However, the metals become more electropositive 
with increasing atomic weight, and barium salts are much more stable. To convert 
barium carbonate to the oxide, it must be heated with coke to reduce the carbon 
dioxide, and barium chloride can be readily dehydrated. 

These metals form saltlike hydrides and dissolve in liquid ammonia like the alkali 
metals. Their salts impart characteristic colors to the Bunsen flame. 

Physical Properties. — All these metals crystallize in the cubic system at ordinary 
temperatures, calcium and strontium with face-centered lattices and barium with a 
body-centered lattice. C'alcium and barium show polymorphism. The transition 
point for calcium is at 450°C., with a possible second one at 300®, while that for 
barium is at 375®. The high-temperature form of calcium is hexagonal, close packed. 
So far, no evidence of a transition has been found for strontium. The physical proper- 
ties of the metals are summarized in Table 2. 

CALCIUM 

This metal is the most important of its group. 

Occurrence. — Calcium is the fifth most abundant element, constituting, according 
to F. W. Clarke, 3.04 per cent of the earth's crust. The most important source of the 
metal and its compounds is, of course, calcium carbonate in its various forms, lime- 
stone, marble, oyster shells. Large deposits of these materials are found in all parts 
of the globe. Other calcium minerals occur in economic quantities, but except for 
calcium fluoride, the mineral fluorite or fluorspar, which is sometimes added to the 
electrolytic bath, none are important in its metallurgy. 

Calcium carbonate, when heated to a high temperature, gives off carbon dioxide 
and is converted to calcium oxide, quicklime, or simply lime, the most important 
industrial alkali. Thousands of tons of lime are made daily in rotary kilns and shaft 
furnaces. 

Some 2 to 3 million tons of calcium chloride a year are potentially available in the 
residual liquors from the ammonia-soda or Solvay process. Some is recovered for a 
number of uses, but the greater part is run to waste. 

The raw materials for calcium production are therefore abundant. 

Metallurgy. 1. Thermal . — Calcium can be prepared by a number of thermal 
methods. Moissan made it by heating the anhydrous iodide with sodium to produce 
a sodium-calcium alloy. Treatment with alcohol dissolved the sodium, leaving calcium 
of about 99.3 per cent purity. 

According to a number of recent patents,^ calcium can be produced by heating 
calcium oxide with silicon or aluminum in an evacuated retort in a manner similar to 
the production of magnesium. As in the other process, the addition of a sanall 
amount of a fluoride, 0.5 to 5 per cent, is said to promote the reaction. That calcium 
can be produced in this way is not surprising, as Gunz and Matignon used it to produce 
metallic barium over thirty years ago. 

A recent United States patent* claims that the reduction with silicon can be carried 
out in an arc furnace. 

The fact that lime can be reduced with silicon probably means that it can also be 
reduced by calcium silicide, an electric-furnace product, with resulting increased yield, 

» BrHiah patent 407772. Deo, 28, 1988. to Magnesium S^ektron, Ud.; FrexwA tp 

I.G.Farben. 

*17.8, patent 2225536. 
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and that the nlicide itsdf will dissociate on heating in vacua to produce cdcium and 
silicon. 4 

As a result of the experience gained with magnesium, these processes may become 
very important as sources of calcium in the not far distant future. One advantage of 
calcium over magnesium lies in its higher equivalent weight: 20 lb. of calcium requiie 
only as much reducing agent as 12 lb. of magnesium at the same efHciency. 

The metal can also be produced by reduction of lime with carbon. This is far more 
difficult and complicated than in the case of the alkali metals and, so far as is known, 
has not been worked on a commercial or even on a large pilot-plant basis. The method 
is a two-stage one. When Ume and coke are smelted in an electric furnace, the prod- 
uct is calcium carbide. This is produced on a large scale as a source of acetylene and 
other products. It has been known for some time that, when heated to a very high 
temperature, calcium carbide dissociates into graphite and calcium vapor. The vapor 
pressure of the calcium has been measured. Recently, Manderli, Moser, and Trekd- 
welU produced compact calcium by heating the carbide to 1600 to 1800®C. lA a 
vacuum. 

Hanawalt, Nelson, and Ward® have patented processes in which calcium carbide 
is heated with calcium silicide or with metallic iron. The calcium distills off, leaving 
a residue of silicon carbide or of carburized iron. 



Calcium carbide is now being used to make calcium-lead alloys. By heating it 
with lead under a chloride flux, alloys containing 3 to 4 per cent calcium are obtained. 

2. Electrolytic. — Calcium, like the alkali metals, has not been deposited from 
aqueous solutions, but, also like them, amalgams can be produced by using a mercury 
cathode. A crude metal, probably a high-calcium amalgam, has been obtained m 
this way on a small scale. 

Most of the commercial calcium on the market at the present time is produced by 
the electrolysis of its fused chloride. This is not an easy operation. It is difficult to 
prepare the anhydrous chloride free from basic salts and oxide, and apparently, it 
has not yet been found possible to run a calcium cell on hydrated feed as is done 
with magnesium. Another difficulty is the high melting point of calcium (851 ®C.). 
Although this is reduced to the neighborhood of 800®C. by impurities, the bath would 
have to be operated at about 900^ if liquid metal were to be tapped off, a temperature 
at which the metal reacts vigorously with air to form oxide and nitride which rapidly 
thioken the bath and render it useless. Furthermore, at this temperature, the metal 
rapidly diffuses through the bath, becomes chlorinated at the anode as rapidly as it is 
deposited at the cathode, and electrolysis soon stops. Attempts to operate below 
the mating point of the metal yield only a voluminous sponge, which grows rapidly 
to the anode and is so full of electrolyte that it is of little or no value. 

1 Chim. AetCt VoL 27, p. lOS, 1944. 

« « TJ. S. patents 2129419, 2122420, 21224AS. 
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The electrodeposition problem was solved by Rathenau with his contact cathode. 
This is a round steel bar or pipe which is placed vertically in the cell and can be moved 
up or down. It may be water cooled. In operation it is set so that its lower end 
just touches the surface of the bath. The resultant high current density raises the 
temperature in the neighborhood of the cathode above the melting point of calcium, 
causing the metal to be deposited in the molten state. If conditions are correct, the 
calcium wets the steel and will adhere to it when it is raised. This is done slowly, and 
the metal solidifies a short distance above the bath level. Continuation of the 
upward movement causes more metal to be drawn up and to solidify so that a vertical 
rod of calcium is slowly built up. The lower end of the calcium, therefore, quickly 
becomes the real cathode, the steel serving merely as a lead for* the current. The 
metal, as it leaves the bath, becomes coated with a thin layer of molten electrolyte 
which soon solidifies and serves as a protective coating. As electrolysis proceeds, the 



~u/t 

Fig. 4. — Improved Rathenau cell. 

lower end of the calcium becomes larger until an equilibrium size is reached, with the 
result that the deposited metal acquires a roughly conical shape. Because of this 
shape, the lump of crude metal is known as a carrot.^' 

The speed with which the cathode is raised is critical. If it is much too great, 
contact is broken immediately. If not quite so vreat, the deposit becomes smaller in 
diameter, the current density and temperature rise, the metal stays molten farther 
above the bath level, convection currents become more violent, and eventually contact 
is broken. If too slow, the temperature drops below the melting point of the metal 
and a spongy deposit is obtained. In the early days of calcium production, regulation 
of the cathode was manual, but recently automatic controls have been developed. 

When the cathode has reached the end of its travel upward, electrolysis is stopped, 
the carrot is removed, the steel cathode lowered, and the process repeated. The 
carrots produced from the latest cells range in size from 7 to 14 in. in diameter and 
7 to 25 in. in length.* 

The anode material is graphite. Some experimenters have recommended that 
the cell lining be made of this material and used as the anode, but Brace* used s^arate 
anodes which could be moved about to control the voltage drop and therefore the 

» Ktmh, Mining Vol. 22, p. 48S. 1941. 

X * Trant* Sleotiroehm* 8oc„ Vol, 37, p. 403,* 1920, 
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temperature of the bath to some extent independently of that at the cathode. The 
largest United States producer adopted this idea in a pilot-plant cell, but it is not 
luiown whether it is being used on a large scale. 

The electrolyte used in commercial European practice is a mixture of calcium 
chloride and fluoride. Some workers have recommended potassium chloride, instead 
of calcium fluoride, while Frary, Bicknell, and Tronson,! and Brace prefer the pure 
chloride on the basis that the melting point of the bath should not be too far below 
that of the metal. According to Mantell and Hardy,® the operating temperature of 
the bath is between 780 and 800®C. They also state that the bath must be skimmed 
at intervals and occasionally discarded owing to accumulation of impurities. 

Cells with capacities up to 10,000 amp, are now in operation in the United States, 
They are probably more eflScient than the smaller European cells which ha’ 
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Fig. 6. — A calcium carrot. {Courtesy of Dr, A, B. Kinael.) 


energy consumption of about 23 kw.-hr. per lb. of metal produced. However, a 
higher energy consumption is inherent in this process owing to the large potential 
drop at the contact cathode. 

The present calcium cell has a number of disadvantages in addition to the high 
energy consumption. The large production of heat in the cell seriously limits its 
size, as this heat must be radiated. Because of the contact cathode, the top of the 
cell cannot be closed in and the chlorine must be swept out with a current of air. The 
dilution of the chlorine makes it unavailable for liquefaction, an important item since 
about 1.75 lb. are produced per pound of metal, and in addition presents a serious 
disposal problem. Furthermore, the current of air not only carries off considerable 
quantities of electrolyte as spray, but its water vapor and oxygen are probably chiefly 
responsible for the deterioration of the bath. 

The carrots produced in the United States* contain only about 86 per cent metal, 
most of the remainder being electrolyte. To remove this they are melted and cast 
into various shapes in an atmosphere of argon. The product contains 95 to 97 per 
cent calcium. A higher grade of metal is produced by distillation in a retort at high 
vacuum. Sodium in the crude metal caused trouble in this operation by distilling 
over with the calcium and igniting when the retort was open^, but this difficulty 
was soon overcome through experience. 

. * Tran*. Meetroehm. Soe., Vol. 18, p. 117, 1910. 

• Metal* A AUay*, Vol. 10, p. 65, 1989. 

^ «eAeUEr, Cham, Eng. Now*, Vol. 22, p. 921, 1944. 
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Prodnetioa and Prices.~Prior to 1939, practically all the calcium used in the 
United States was imported from France. The amount of these imports, taken from 
the Minerals Yearbook,’* are shown in Table 3. Production in the United States 
began in the summer of 1939, has grown rapidly, and is now probably more than 

Table 3.— Imports of Calcium 



Weight, 

Year 

Pounds 

1937 

23,767 

1938 

41,299 

1939 

41,718 

1940 

11,900 


500,000 lb. per year. Prices have remained steady for the last few years at 11.26 a 
pound for 97 to 98 per cent metal in ton lots. Available forms are slabs of various 
sizes and cylinders, either with or without a central steel pipe, and turnings. 

Uses. — Calcium has a number of important uses. It is added to magnesium 
alloys to the extent of about 0.25 per cent to refine grain, reduce tendency to take fire, 
and to simplify heat-treatment. Its property of reducing the tendency to take fire 
is so pronounced that specifications placed very low limits on the amount permissible 
in incendiary-bomb alloy. Its effect on heat-treatment is observed in those alloys 
containing zinc. In its absence, a two-stage treatment is necessary, one at a tempera- 
ture below the melting point of the zinc-bearing constituent to dissolve this, and 
another at a higher temperature to dissolve the aluminum In its presence, only the 
high-temperature treatment is necessary. 

Calcium is added to lead to harden and strengthen it. Its solid solubility in lead 
is 0.10 per cent at the melting point and decreases rapidly with the temperature 
with the result that precipitation hardening takes place. The alloy, which contains 
less than 0.25 per cent calcium, is used for cable sheaths and has been recommended 
for storage-battery grids and other purposes. Master alloys containing up to 5 per 
cent calcium, the balance lead, are on the market and are made by electrolysis of fused 
calcium chloride with a molten lead cathode, or from lead and calcium carbide. 

Calcium and magnesium arc used in the Betterton process for removing bismuth 
from lead. They form compounds with bismuth, which are insoluble in lead just 
above its melting point and form a dross which is skimmed off. 

The metal is an excellent scavenger. It reacts readily with oxygen, nitrogen, 
sulphur, carbon, and many of their compounds. It has therefore been recommended 
as an addition to both ferrous and nonferrous alloys. Its affinity for oxygen makes it 
a powerful reducing agent, and Marden and Rich have worked out a process in which 
it is used to reduce the oxides of vanadium, uranium, thorium, and other refractory 
metals. Calcium chloride is added as a flux. The metals produced are malleable 
and ductile and fully equal in properties to those made by the action of sodium on the 
anhydrous chlorides which are difficult to prepare and to handle. 

Calcium hydride is being made commercially by the action of hydrogen on the 
metal and is being used for the reduction of refractory oxides, such as those of titanium, 
zirconium, and uranium, to produce commercial grades of these metals and their 
dloys with the more common metals. 

BARIUM 

Barium is the eighteenth most abundant element, being present in the earth’s 
crust to the extent of about 0.04 per cent. Its principal minerals are the sulphate, 
barite, and the carbonate, witherite, Witherite is preferred as it is readily stihihln 
in acids to form o^her barium salts, but baiite is more available. To prbdhce other 
barium salts from barite, it is heat^ in a rotary kiln with carbon to reduce it to tiie ^ 
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sulpliide wMch is dissolved in water and treated with carbon dioxide gas or with soda 
ash to precipitate the carbonate. As already mentioned, barium carbonate is not 
readily converted to oxide. To accomplish this, it is mixed with carbon and heated, 
with the result that the carbon dioxide is reduced to monoxide and goes off. 

Barium chloride is readily prepared by dissolving the carbonate in hydrochloric 
acid. It can be readily prepared in the anhydrous state as it is not nearly so soluble 
as calcium chloride and crystallizes with only two molecules of water which can be 
driven off at a low temperature without hydrolysis. 

Metallurgy. 1. Thermal , — Barium can be produced by reduction of the oxide with 
aluminum in an evacuated retort. Guntz^ used this method in 1906. A reference 
to a Russian article* gives some details of the process. A vertical retort is equipped 
with a water-cooled condenser and heated by an electric furnace. The appara^s is 
23 cm. in diameter at the bottom and 50 cm. high. The temperature of distillation is 
1050®C. and the yield per batch, 304 g. of metal containing 99.41 per cent baiium 
and a total of 0.071 per cent copper manganese and aluminum. The condeiked 
barium is removed in a carbon dioxide stream and sealed in iron cylinders. The 
same apparatus can be used for production of barium, magnesium, strontium, and 
calcium and their alloys. \ 

The barium is usually recovered as a solid in this process, but a recent patent,* 
specifies keeping the condenser at a temperature between 730 and 800®C., whereby 
the metal is condensed to liquid and, still under vacuum, allowed to run to a receiver 
where it solidifies. Another French patent* specifies a ratio of barium oxide to 
aluminum of 4:2 and states that up to 2 per cent barium fluoride may be added to 
promote the reaction. The patents to which reference was made in discussing the 
reduction of calcium by aluminum also cover barium. 

Banner* describes a variation of this process in which an oxide containing about 
10 per cent barium peroxide is used. The reduction reaction is carried out in a 
separate vessel, the heat required being supplied by the reaction of the peroxide with 
part of the aluminum. The barium is recovered from the resulting sintered mass by 
distillation in vacuo, 

Matignon* found that barium oxide could also be reduced by silicon. He used 
a mixture containing three parts of the oxide to one of silicon, formed the mixture into 
briquettes, and heated at 1200®C. in an evacuated steel lube. The metal obtained 
was 98.6 per cent pure, and the residue in the retort contained barium silicate. In 
another experiment, he used 90 per cent ferrosilicon with equally good results. 

All the patents referred to above also cover the use of silicon as a reducing agent. 
The ratio of barium oxide to silicon is given as 4:1.* 

2. Eledrolytic , — As in the case of calcium, barium has not yet been deposited from 
aqueous solutions. However, an amalgam can be made, and Guntz^ first prepared 
a comparatively pure barium metal in this way. He heated the amalgam to drive off 
tnost of the mercury, heated the residue in hydrogen to convert the barium to the 
hydride and drive off the rest of the mercury, and finally decomposed the hydride 
in vacuo at a high temperature, the barium metal condensing on a water-cooled surface. 

Neumann and Bergve* state that they produced metallic barium from fused 
barium chloride, using a contact cathode similar to that used for calcium, but give 
X Compt, rend.f Vol. 143, p. 339, 1906. 

* Chem, AbHractB, Vol. 34, p. 7181, 1940. 

* French patent, 831083 to I. G. Farben. 

* French patent, 831598 to I. G. Farben. 
tJour, Am, Chm, 8oe„ Vol 46, p. 2382, 1924. 

* Camirf. rend., Vcd. 156, p. 1378, 1913. 
r Clompt, rtnd„ Vol. 141, p. 1240* 1905. 
fdLMektfwthem,, Vol. 20, p. 187, 1914. 
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BO dotd>iis OB the procedure. It is probable that all the bariuiB on the market is 
being produced by aluminum or silicon reduction. 

Production and Prices. — No information is available as to the production of 
barium or current prices. 

Uses. — Barium, either alone or as an alloy with magnesium or aluminum, is 
widely used as a ‘^getter” to remove residual gases from electron tubes. It is stated 
to be ten times as efficient as magnesium for this work. A barium-nickel alloy is 
being used for the terminals of spark plugs. ^ The alloy contains up to 0.2 per cent 
barium and reduces the potential required to produce a spark across the gap. An 
alloy containing about 1 per cent barium has been found to be an efficient emitter of 
electrons when heated and for this reason has been suggested for use in vacuum tubes. 
Nickel alloys containing up to IJ^ per cent barium are ductile and may be easily 
rolled or drawn into fine wire or ribbon. A recent use for barium is as a lubricant 
for rotating anodes in X-ray tubes. Ordinary lubricants cannot be used as the tem- 
perature is liigh, about 600°C., and their vapors cannot be tolerated in the tube. 
Barium has a low vapor pressure at that temperature and shows excellent lubricating 
qualities. 


STRONTIUM 

Strontium is about 40 per cent as abundant as barium, and like that metal, its 
chief minerals are the carbonate, strontianite, and the sulphate, celestite. Again the 
sulphate is more abundant and serves as the major source of strontium salts. 

Before 1940, practically all the celestite used in the United States was imported 
from England as the domestic deposits were either remote from transportation or of 
low grade. However, since that time domestic sources have been developed and are 
supplying the increased demand due to the war. 

Strontium salts are manufactured from the minerals by the same methods used for 
barium salts. Strontium carbonate is more readily converted to the oxide than 
barium carbonate, and the operation is conducted in the same manner as with 
limestone. 

Metallurgy. 1, Thermal. — The methods used for barium can be used equally well 
for strontium. Guntz and Galliot® reduced the oxide by mixing the finely ground 
material with powdered aluminum and heating in an evacuated iron tube for 4 hr. at 
1000°C. Metal of 99.4 per cent purity was recovered as a crust, with a yield of 75 per 
cent. The method in which strontium peroxide is added to the charge and the reac- 
tion and distillation are carried out in separate containers has been used commercially. 

2. Electrolytic, — Strontium amalgam can be made from aqueous solutions, but it 
has not yet been found possible to deposit the pure metal. 

Neumann and Bergve® prepared strontium by the electrolysis of a fused mixture 
containing 84 per cent strontium chloride and 16 per cent potassium chloride. They 
used the contact electrode and secured a current efficiency of 80 per cent. 

Production and Prices. — There is no available current information on these sub- 
jects. Some fourteen years ago, a figure of $100 a pound was published. Four years 
later it was stated that the price was still over $30. 

Uses. — Strontium occupies the same position among the alkaline-earth metals as 
rubidium does among the alkalies, i.e., it is intermediate in its properties between 
barium and calcium. About fifteen years ago, metallic strontium was in compara- 
tively large demand as a **getter ” for radio tubes, but it has since been supplanted by 
barium and its importance as well as its production has fallen off. 

^ Tram. Slectroehem. 8oc,t Yol. 66» p. 85, 1934, 

* Compt. rend., Vol. 151, p, 813, 1910. 

’ Z, Si^raehem., VdL 20, p. 187, 1914. 



CHAPTER IV 


ARSENIC 

By Waltbb C. Smith^ 

Arsenic was not recognized as a metallic element until it was isolated by Schrdeder 
in 1694; several of its compounds, however, were known from antiquity and [were 
called arsenic. The name arsenic is used even today when the arsenious oxiae is 
meant. Metallic arsenic is not used in the arts to a great extent, while the arsenious 
oxide (white arsenic of commerce) has many uses. I 

Physical Properties.— The metal has a steel-gray color and shows a brilliant lu^iter 
on fresh fracture; it is known in both the crystalline and amorphous states. T^e 
crystalline form is very brittle Other physical properties are: atomic weight, 74.96; 
number by Moseley^s arrangement, 33; specific gravity, (crystalline) 5.727, (amor- 
phous) 4.71; fracture, coarsely crystalline; crystallization, hexagonal; melting point, 
red heat under pressure in the absence of oxygen; boiling point, volatile at 450'*C. 
without melting; specific heat, (crystalline) Sm, 0.083; (amorphous) Sm, 0.0758; latent 
heat of sublimation, 60 cal. per g. 

Chemical Properties.— Arsenic is not changed in dry air, but in moist air it loses 
its color and brilliancy and slowly changes into arsenious oxide. It burns with a 
bluish-white flame when heated in air and gives off heavy white fumes of arsenious 
oxide, which have a characteristic odor resembling garlic. 

Nitric acid oxidizes arsenic to arsenious oxide and then to arsenic oxide. Aqua 
regia yields a mixture of arsenious and arsenic compounds. Arsenic is soluble in hot 
concentrated sulphuric acid, but dilute acid does not attack it. Hydrochloric acid 
attacks it in the presence of air, feebly, to form arsenious chloride. It combines 
directly with chlorine to form arsenious chloride. It also combines directly with 
sulphur, when heated, to form arsenic sulphide. Metallic arsenic yields potassium 
arsenate when heated with niter or potassium chlorate. 

In solution, silver will replace arsenic and vice versa, depending upon conditions, 
but Fe, Ni, Co, Cr, and Mo will not replace arsenic to a notable extent under any 
conditions. The single potential of arsenic (vs, calomel electrode = 0.577 volt) was 
found to be 0.55 in an AsClg solution of 1 g.-equivalent of arsenic per liter and 0.64 
volt in a corresponding solution of Asig. 

Uses. — As already indicated, only limited quantities of metallic arsenic are used. 
A small amount of arsenic is added to lead in making lead shot, as it tends to prevent 
the formation of imperfect shot when the molten metal is dropped in the shot tower. 
A very small percentage of arsenic added to steel produces a metal that will take an 
extremely high polish. Arsenical copper is claimed to possess superior properties 
to pure copper for certain rolling and drawing operations. 

The chief arsenic compound of commerce is the arsenious oxide (AsjO*), trioxide, 
6t white arsenic. This is used in the manufacture of glass, in the textile and paint 
industries, and in the manufacture of weed killers, insecticides, and medicines. 

A small amount of arsenic is added to the low tin wiping solders to improve their 
Working properties. Arsenic is added to lead, antimony, and silver alloys for use as 

> Mrtatturiirt, Cerro de Pauo C<»p.. New York. 
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insoluble anodes in the electrolytic recovery of copper from acid sulphate solutions 
to increase the anode life. 

Arsenical preparations furnish the most effective means of control against the 
cottA boll weevil, the cotton worm, the codling and the gypsy moth, and they are 
used for soil treatment to destroy Japanese beetle grubs. It is estimated that insecti- 
cides take 68 per cent of the arsenic used in the United States; weed killers, 19; glass 
manufacture 3; wood preservatives, 2; miscellaneous, including arsenical dmgs, 1; 
exports, 7 per cent. Approximately 60,000,000 lb. of lead arsenate, 40,000,000 lb. of 
calcium arsenate, 2,000,000 lb. of pans green, besides important quantities of London 
purple and sodium arsenite, make up the first item. 

Sources of Arsenic. — Arsenic, while not abundant, is one of the most widely dis- 
seminated of all the metallic elements. It has been found in a number of places in 
the native state, usually associated with other metals. It occurs as mispickel, or 
arsenopyrite, in many cobalt and cobalt-silver ores. Nearly all pyrite and sulphide 
ores of copper and lead contain more or less arsenic, and it is from these latter ores 
that the bulk of the American supply of arsenic is derived as a metallurgical by-prod- 
uct. The most important American producers of arsenic are listed as follows: 


Company 

liocation 

Source of Arsenic 

Am. Smelting & Ref. Co 

Denver, Colo. 
Tacoma, Wash. 
Anaconda, Mont. 
Midvale, Utah 
Belleville, N. J. 

By-product lead smelting 
By-product copper smelting 
By-product copper smelting 
By-product lead smelting 
Arsenic sulphides 

Am. Smelting & Ref. Co 

Anaconda Copper Mining Co 

U. S. Smelting Co 

Rare Metal Products Co 



Metallic arsenic is produced by the sublimation of mispickel or leucopyrite in the 
absence of air, and by the reduction of arsenic trioxide with charcoal in cast-iron 
or steel retorts. The temperature and the pressure in the condensers have to be care- 
fully cx)ntrolled in order to yield the crystalline arsenic. 

Previous to 1914 little or no metallic arsenic was made in the United States; 
about 50,000 lb. were imported annually, principally from Germany. After the First 
World War cut off the German supply, the Hoskins Process Development Co. of 
Chicago, 111., began the manufacture of metallic arsenic to supply the American market. 
The arsenic of 99.5 per cent grade is made by the reduction of commercial arsenic 
trioxide with charcoal in a battery of four gas-fired furnaces as shown. Three of the 
furnaces take a charge of about 200 lb. each, and the fourth furnace holds 450 lb. of 
charge.^ 

The charge is mixed in a rotary mixer in the proportions of 1 lb. of charcoal to 
4 lb. of arsenic trioxide. The capacity of the plant is 250 to 300 lb, per day, or not less 
than 4000 lb. of metallic arsenic per month. 

The furnaces are built of steel pipe, surrounded by firebrick, enclosed in a steel 
jacket and supported on a pipe frame. The charging end of the retorts is sealed with 
a clay gasket in which is embedded a copper water pipe. The cooled surface 
condenses arsenic vapor and seals any leaks in the clay gasket. At the back of and 
attached to the retort is a water-cooled condenser, which is vented by means of a 
water seal so as to allow the escape of the uncondensed gases. Figure 2 shows the 
left side of one of the furnaces. Two condensers are shown in the background of 
Fig. 1. 

^ Jowvs, Chem» Met, Eng^ Nqy* 17, 1SSQ% 
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The period of operation for the large furnace is about 10 hr., and for the smaller 
furnaces 7 hr. The gas is then shut off, and the retort and the condenser are allowed 
to cool before the condenser is opened for the removal of the metallic arsenic. Figure 3 
shows the discharge end of one of the furnaces. The metallic arsenic is removedrfrom 
the condenser with a bar and hammer, and is then ready for packing and shipment. 

The advent of the Second World War again stopped importation of metallic 
arsenic from Germany. During December, 1939, the Anaconda Copper Mining Co. 
began production of metallic arsenic from arsenic trioxide. The plant erected for 
the purpose consists of six cast-iron retorts, each fitted with a condenser consisting 
of a condenser tee flanged to the retort and flanged to a vertical water-cooled steel- 
plate condenser chamber. Each retort is horizontally supported and is enclosed with 
firebrick. The condensers are heated by direct gas firing. The end of the rport 
and of the condenser tee are closed with flanged covers bolted to the retort and\con- 



Fia. 1. — Arsenic furnaces, with condensers in background. 


denser tee with fire-clay gaskets, in which is embedded a small-diameter copper 
pipe for water cooling. 

The retorts are charged in batches through the end with a mixture of white 
arsenic, the trioxide, and charcoal. The arsenic trioxide is reduced to metallic arsenic 
in the retort and together with some white arsenic is volatilized and is largely con- 
densed in the form of coarse ^ray crystals of metallic arseniu on the retort and tee 
covers. A part of the volatilized metallic arsenic passes into the condenser where it 
deposits on the condenser walls. The condensed metal is barred down frequently 
and falls into the hot tee and is again volatilized. Eventually, about 80 per cent of 
the arsenic in the charge is recovered from the retort and tee covers in the form of 
coarse crystals of metallic arsenic which are packed in airtight Sealed cans for shipment. 

Kroductioii of White Arsenic* — The production of white arsenic is generally carried 
out in two stages: the production of a crude white arsenic, followed by a refining of 
this crude material. Wlien arsenic-bearing materials, in which the arsenic exists in 
the reduced state, are roasted, the arsenic is volatilized and passes off with the gaseous 
products. Arsenic trioxide begins to condense at 218®C.; hence the flue products 
v^il|UI|^t in the cooler parts of the flue system carry considerable arsenic. More or less 
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dust carried by the gases and other volatile materials can contaminate the arsente 
trioxide, and these are removed in the refining operations. 

The roasting operations may be carried out in muffle, reverberatory, or one of the 
various types of roasting furnaces; coke, gas, or oil is used for fuel in reverbefatory 
or roasting furnaces in order to reduce the danger of contamination of the product 
with soot. The crude arsenic tnoxide is collected in cooling flues, baghouses, or by 
Cottrell precipitators. 

Crude White Arsenic from Metallurgical Products. — The arsenic carried by lead 
and copper ores is concentrated during the roasting and smelting operations in the 
flue products, which are caught in the cooler parts of the flue system. Lead baghouse 
dust, carrying 30 per cent arsenic, and copper furnace and roaster dusts, carrying 20 
to 30 per cent arsenic, are not uncommon. The arsenic in these dusts exists largilv in 
the form of the trioxide (AS2O8). \ 

At one of the American plants the baghouse dust, carrying about 30 per cent 
arsenic, is mixed with a small quantny of fine pyrite or low-grade lead sulphide ^n- 
centrates and is fed to the hearth of a Brunton roasting furnace. The pyrit^ is 
added to the dust in order to prevent the formation of nonvolatile arsenites in Ihe 
residue from the roast, and it also gives a clinkered residue which makes a suitaole 
blast-furnace feed. The Brunton furnace volatilizes 75 to 90 per cent of the arsenic 
in the dust which is charged to it. The gases from the Brunton furnaces pass through 
a cooling flue built in the form of a number of connecting rooms or chambers. Brick 
is usually employed in the construction of these chambers, or kitchens, as they are 
called. The temperature of the gas in the cooling flue is so regulated that it enters 
the first kitchen at approximately 220°C., and by the time it reaches the last kitchen 
it has dropped to 100®C., or less. The crude arsenic trioxide collects in the kitchefis 
and is removed at the end of the campaign for refining. This crude arsenic trioxide 
should contain 90 to 95 per cent A82O3. 

The crude AsjOa is resublimed in order to remove impurities; this operation is 
repeated until the desired purity is obtained. Reverberatory furnaces are used for 
this work and are fired with gas or coke. The furnace gases pass through settling 
chambers and then to the kitchens, where the refined arsenic trioxide is collected. 
The product should contain over 99 per cent As20j. 

The main source of arsenic at Anaconda is in Butte copper ores. The concen- 
trates from these ores average approximately 2.0 per cent As. The roasting and 
smelting operations eliminate a very considerable portion of the arsenic into the flue 
system where it becomes considerably concentrated in the dust collected at the 
Cottrell treaters and in the upper portion of the main flue. The Cottrell dust and the 
arsenic-enriched portion of the main flue dust constitute the feed to the arsenic 
roasters. 

Arsenic Roasting Plant. — Three rows of McDougal roasters in No. 1 roaster 
building have been remodeled into three sets of arsenic-roasting furnaces and con 
densing chambers. A set consists of four 15-ft. six-hearth furnaces connected in 
series. The first, or roasting, furnace is gas-fired on the third and fifth hearths and 
is equipped with a specially designed apron feeder for charging the dust. The remain- 
ing three furnaces serve as condensing chambers to collect the condensed^ arsenic 
in the form of a crude AS2O8 product. The inside hearths have been removed and a 
central vertical partition installed. This partition has an opening at the bottom to 
permit the passage of the gases. The gases enter each condenser at the top, pass down 
one side of the partition and up the other, leaving at the top to enter the top of the 
next condenser and so on to their exit through connecting flues and a dust chamber 
to the flue system. The bottom sets of arms have been left in each condenser and are 
^ Oi^ted periodically to remove the collected arsenic^ which is sent to the refining 
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furnaces. The roasting furnaces are operated at a temperature of approximatdy 
650®C., as higher temperatures cause fusion of the condensed arsenic in the condensers. 
Experience has proved that 50 per cent As20a is the maximum permissible in the feed 
to the roasters if fusion is to be prevented. Arsenical dusts of high arsenic content 
are diluted with fine flue dust. It has been found that improved results are obtained 
when coal to the amount of 10 per cent of the weight of the dust is mixed with the 
roaster feed. 

The roasters yield a residue containing about 5 per cent AsjOa, which is returned 
to the reverberatory furnaces for the further recovery of copper and the elimination 
of arsenic into the flue system. 

The roasting furnaces have a capacity of about 60 tons of charge per 24 hr. and 
yield a crude arsenic trioxide assaying about 90 per cent AS 2 O 8 . 

Refixung Plant. — Two refining furnaces of the reverberatory type have been 
installed. Each furnace has an over-all length of 36^ ft. and a width of 14 ft.; the 



Fig. 4. — Arsenic refining furnace. 


hearths are 26^^ ft. long and 12 ft. wide. The main hearths are made of cast-iron 
plates. Two fireboxes are used, one at the back of the furnace, whose hot gases pass 
under the cast-iron hearth and back over its top, and the other at the front of the 
furnace, whose gases pass only over the hearth. 

The charge consists of 8 tons per furnace day of the 90 per cent As20a crude 
arsenic from the arsenic roasters. The charge is dropped to the hearth through open- 
ings in the roof and is spread out with rabbles; part of the charge is dropped during 
the afternoon shift and the balance during the night shift. A thin layer of crushed 
rock is spread over the hearth before charging the furnaces to facilitate the removal of 
the residue after the arsenic has been volatilized. A special crew cleans the hearths 
on the day shift. Each refining furnace will treat 30 tons per day, when treating very 
high-grade dust or when rerefining. High-grade material is dropped oi^ idl three 
sh^ts, and the residue is removed once in 2 or 3 days, A temperature of 550,^0. has 
been found to give the best results in these furnaces. A draft of Q.05 In. of 
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gives satisfactory results. The volatilization of about 80 per cent of the arsenic in 
the 90 per cent -^20* material fed to the furnace gives the most economical operation. 
The refining-furnace residues are smelted in the stack reverberatory. 

Condensing Kitchens. — Three sets of chambers are used for handling the gases 
from two refining furnaces, two of these chambers being used while the third is being 
cleaned. Each chamber is approximately 225 ft. long and is divided into 39 kitchens. 
The kitchen nearest to the furnace is larger than the others and is used for settling 
the nonarsenical dust. Its temperature is about 296*^0., or above the condensation 
temperature of AS2O3. The gases cool as they pass through the kitchens by radiation 



Fig. 5. — Modern refining furnace. {Courtesy of Anaconda Copper Mining Co.) 

and leakage and leave the system at 90 to 100®C. Most of the arsenic settles out in 
those kitchens which have temperatures from 180 to 120®C. The kitchens nearest 
to the furnace contain a fused or amorphous arsenic, black in color, and carrying 
about 95 per cent AsaO*. This material is rcrefined. The material in the succeeding 
kitchens increases in arsenic content to 99.9 per cent As20«, and is white and crystafline. 
The grade of the dust diminishes in the last kitchens, and changes to a fine white 
powder. 

Packing. — At the end of each refining campaign the kitchens are sampled, and 
the samples are run for total arsenic and soluble arsenic. The product is then graded 
and packed in barrels of 500 lb. each; it is made into 50,000-lb. lots and sold as white 
soluble^ white insoluble, or crude arsenic. The capacity of the packing room is 
3^ tons per 8-hr. day. The white insoluble arsenic can be changed to the white 
Soluble by rerefining if market conditions demand. 
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Manufacture of Araeuic Triozide from Araenical Pytltc.^The arsenical pyiite 
is crushed by jaw crushers and is then ground in ball mills. The ground product is 
washed to remove as much foreign matter as possible, and dried. The drying was 
formerly done on the top of the roasting furnace, but this method cook the furnace and 
reduces the roasting efficiency. The drying is done in a mechanical drier, which is 
equipped with a screw conveyer for stirring and progressing the charge. 

The dried concentrate is charged to the top of a roasting furnace of the MacDougall 
type, 18 to 30 ft. high and 10 to 16 ft. in diameter. The rabble arms rotate at a speed 
of 5 r.p.m., but even at this speed some dust is carried out of the roaster with the gases, 
and this dust must be separated from the gases before they pass to the condensing 
chambers. This is done by a dust separator placed at the gas outlet of the roasting 
furnace. This separator consists of an insulated chamber containing two rotating 
screens of fine mesh provided with revolving brushes for cleaning. This arrangement 
removes nearly all the solid matter in the gases and offers but little resistance to the 
flow of the gases. The cleaned gases are then drawn by a fan through the condensing 
chambers. 

The condensing chambers are made of sheet lead and are divided into a number of 
smaller compartments by sheet-lead baffles which increase the condensing surface. 
Water sprays are introduced into the chambers to facilitate the condensation of the 
arsenic trioxide and to flush the condensed material out of the chambers into a col- 
lecting tank. Lead is the only metal that will withstand the action of the sulphurous 
acid generated from the sulphur in the concentrate. 

The mixture of water and arsenic trioxide is then filtered in vacuum filter tanks, and 
the moisture content is reduced to 20 to 25 per cent by the addition of some dry arsenic 
trioxide. It is then passed through a rotary drier, which is lined with porcelain to 
prevent sticking to the sides of the drier. The drying temperature employed is about 
180®C., in order to prevent the loss of arsenic by sublimation during drying. 

The crude arsenic trioxide is refined by sublimation. Furnaces 10 to 14 ft. in 
diameter, equipped with cast-iron hearths and rotating rabbles, are used for this 
operation. The crude arsenic trioxide is charged to the furnaces through openings in 
the roof. The proper temperature has been found to be 245®C. Approximately 
70 parts of fuel are required for each 100 parts of refined arsenic trioxide. 

The final condensation takes place in lead-lined wooden chambers containing 
baffles and placed over a trough that carries a porcelain screw conveyer for the removal 
of the collected material. About 0.65 lb. of arsenic trioxide is condensed per square 
foot of condensing surface. The exit gases from the condensing chambers pass to a 
coke-filled scrubber, where the last of the arsenic is removed with water sprays. 
The finished product is finely powdered, perfectly white, and will assay 99.0 per 
cent As 208 . 

R. W. Bridges* gives the method used for the recovery of arsenic from the cobalt 
ores of Cobalt, Ont. The ores are crushed and then ground so as to pass 30 mesh in 
ball mills. The charge, with the proper fluxes, is smelted in 32 X 72 in. blast furnaces 
with capacities of 25 to 30 tons per day. The fluxes used are limestone and a low- 
grade siliceous ore. The products are flue dust and crude arsenic trioxide, slag, silver 
bullion, and speiss. The flue dust and crude arsenic trioxide are caught in suitable 
settling and condensing chambers. The flue dust is returned to the blast furnaces, and 
the crude arsenic trioxide is sent to the arsenic refinery for retreatment. The slag is 
discarded if it carries less than 10 oz. of silver per ton. The silver bullion assays about 
860 fine and is treated in a cupel furnace for 24 hr., after which treatment it averages 
994 fine. The speiss— a typical assay of which is Ag, 1480 os.; As, 31.3; Co, 33.4; 
t Jnd. ehim., p. 426-429, Beoember, 1920. ’ 

* Metallurgy of Cobalt. Ontario, Dm, Con. Mwintf JW., Jaa. IS, ISIS. 
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Ni, 15.3; fe, 16.1 per cent — ^is crushed, ground, mixed with 20 per cent NaCl and 
roasted in Edwards mechanical roasters having a daily capacity per furnace of 2400 lb. 
The roasted product is then leached with cold water to remove the undecomposed 
NaCl and soluble salts of cobalt, nickel, and copper, which have formed in the roasting 
operation. The residue is then leached with four successive batches of Na2S208 solu- 
tion to remove the silver. The cobalt, nickel, and copper are recovered from the 
water leach liquors and the leached residues. The crude arsenic trioxide is resublimed 
in the arsenic refining furnaces in the usual manner, producing an arsenic trioxide of 
99.0 per cent. 

Manufacture of Lead Arsenate. — number of methods have been proposed for 
the manufacture of lead arsenate, the first step of which is the conversion of arsenic 
trioxide or a soluble arsenite into arsenic acid or a soluble arsenate. A fusion of 
arsenic trioxide with caustic soda or sodium carbonate and sodium nitrate yields 
sodium arsenate, which is then dissolved in water and mixed with the solution of a 
soluble lead salt, as the nitrate or acetate, the insoluble lead arsenate being! pre- 
cipitated. Chlorine gas will slowly convert a solution of sodium arsenite into soc^um 
arsenate; it will also convert a mixture of arsenic trioxide and water into arsenic afcid. 
Nitric acid and arsenic trioxide react violently to form arsenic acid; the gaseous 
products of the reaction contain considerable nitric acid and are generally sent to a 
condensing system for the recovery of this acid. 

A patent^ issued to Luther and Volck covers the formation of lead arsenate by 
roasting the combining parts in the pre^nce of oxygen. Lead arsenite is formed and 
oxidized to lead arsenate by roasting in the presence of oxygen. The lead arsenite is 
produced by heating white arsenic with lead or lead oxide. It may also be formed as 
a mixture of lead arsenite and lead arsenate by heating red lead with white arsenic. 
Lead arsenate may be formed directly by roasting white arsenic with lead peroxide or 
lead nitrate or one of the lower oxides of lead with an oxidizing agent. 

The Barstow and Cavanagh patent* consists in combining litharge with arsenic 
acid assisted by the action of a catalytic agent; the direct combination of arsenic acid 
and litharge is too slow to be of commercial value. The catalytic agent used is a 
small amount of either nitric or acetic acid. 

U. S. patent 1398267, issued to John Kirby, Matthew S. Hopkins, and Charles B. 
Bemhart, of Reading, Pa,, covers the use of sulphonic acids of the aromatic hydro- 
carbons as catalytic agents for the manufacture of lead arsenate from litharge and 
arsenic acid. The purity of the sulphonic acid used is nonessential, as the mixture 
of sulphonic acids obtained by the sulphonation of the commercial grades of hydro- 
carbons will act effectively. The lead arsenate produced by the use of these reagents 
possesses the physical requirements important for an insecticide, wz., large bulk, good 
dispersion, proper adherence to the foUage treated, and effective insecticidal properties. 

The preparation of the catalyst is carried on approximately as follows: A commer- 
cial grade of a suitable hydrocarbon, such as ordinary naphjjialene, is sulphonated in 
the usual manner, the excess sulphuric acid is removed by precipitation with a soluble 
lead salt, and the clear liquor is separated by decantation or filtration. 

A charge of 700 lb. of litharge is placed in a tank and agitated to keep the litharge 
in suspension in water. About 50 lb. of the mixed sulphonic acids is added, the quan- 
tity to be used depending upon the speed of reaction required and the physical prop- 
erties desired in the product. Approximately 600 lb. of a 75 per cent arsenic acid is 
then slowly added. The temperature is raised to 160®F. The mass slowly changes 
in color to white as the litharge is converted to lead arsenate. Any excess of litharge is 
removed by the addition of more arsenic acid. The resulting mass of lead arsenate, 

» tr. 6. patent 929902. Aug. 3. 1909. 

8. patent 1228516. May 5. 1917. 
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the lead salt of the sulphonic acid, and water may be washed and the lead arsenate 
pressed for use as paste or as powder after drying and grinding. The sulphonic acid 
liberated by the precipitation of the lead arsenate is available for further use as a 
catalyst, 

Lead carbonate or basic lead carbonate can be substituted for litharge and a solu- 
tion of a soluble arsenate for the arsenic acid. 

Manufacture of Calcium Arsenate,— Calcium arsenate is manufactured by the 
method developed by the U. S. Department of Agriculture at Tallulah, La, This 
consists in the oxidation of arsenic trioxide to arsenic acid by means of nitric acid. 
The arsenic acid is then neutralized with sodium hydrate to form sodium arsenate, 
and calcium arsenate is precipitated by the addition of milk of lime to the solution of 
sodium arsenate. The calcium arsenate produced must have the necessary physical 
properties for use as an insecticide. 

Calcium arsenate is also made by direct combination of arsenic acid and milk of 
lime under controlled conditions to yield a product of the required chemical and 
physical properties. 

Precautions in Handling Arsenic Trioxide.— Arsenic trioxide is very poisonous, 
and considerable care must be exercised to prevent occupational poisoning. Ample 
draft in the furnaces and flue systems, proper ventilation in all tparts of the arsenic 
plant, proper bathing facilities for the men, and the use of efficient respirators have 
greatly reduced the danger of arsenic poisoning. One American plant has success- 
fully applied the pneumatic system to the removal of the arsenic trioxide from the 
kitchens. 
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ANTIMONY 

By Chung Yu Wanq^ and Guy C. Riddbll* 

History. — In point of use by man, antimony is one of the oldest of the lAetals. 
The natural sulphide was known to the people of ancient times. It was used by\them 
as medicine and as an article of toilet for eyebrow painting by women of biblical 1 .mes. 
A vase found at Tello, Chaldea, cast in metallic antimony discloses the fact that in 
about 4000 b.c. the Chaldeans knew the art of the reduction of the metal. A copper 
ewer and basin of the Fifth or Sixth Dynasty (about 2500-2200 b.c.), discovered in 
Egypt, was found covered with a thin coating of metallic antimony, thus shovring 
that the ancient Egyptians knew something of the art of surface plating. 

Basil Valentine, a German monk of the fifteenth century, and Agricola* wrote of 
liquation, precipitation, and starring of regulus. Valentine gave distinct recipes for 
the preparation of antimony trichloride, basic chloride, trioxide, and i)otassiura anti- 
monate. In the fifteenth century, antimony was in use for printers' type, and in 
mirrors and bells. In the sixteenth century came its use as a medicine. Of the 
methods now obtaining in antimony metallurgy the precipitation of metal from 
sulphide by iron appears in writings of the seventeenth century (Ercker), and in the 
eighteenth century, the roast-reduction procedure came into use. In the early 1830*s 
came the reverberatory furnace; in 1878, direct smelting in the blast furnace; in 1844, 
the French volatilization process; and in 1896, electrolytic antimony first appeared 
in the market. 

Physical Properties.— Pure antimony is a silver-white shining brittle metal. 
Other physical properties are: atomic weight, 121.76; atomic number, 61; specific 
gravity, 6.6 to 6.7; hardness, 3.0 to 3,5; specific heat, 0.05; melting point 630.5®C.; 
latent heat of fusion, 38,84 cal. per g.; crystallization, hexagonal. 

Other allotropic forms of antimony are explosive antimony, black antimony, and 
yellow antimony. Explosive antimony can be produced by electrolysis, using a bath 
of hydrochloric acid and antimony protochloride, with antimony metal as anode and 
platinum foil as cathode. This form of antimony, rubbed in a mortar, loudly deton- 
ates, giving off light and heat. Black antimony is another metastable amorphous 
form, produced when antimony metal vapor is suddenly cooled. This form of the 
element is more active chemically than the ordinary metallic form, being sometimes 
spontaneously combustible. At 100®C. it changes gradually to the ordinary metal; 
at 400®C. the change is sudden. 

Yellow antimony, the most unstable of the several forms of antimony, is without 
any metallic property and corresponds to white phosphorus and yellow arsenic. This 
form, obtained by introducing oxygen into antimony hydride at is of aca- 

demic interest only. It changes into black antimony above ^90^C., under ordinary 
light. 

Chemical Properties.— Antimony has three valences, three, four, and five. Its 
chemical properties resemble those of arsenic, and it stands close to the zinc grmp^ 

» Director of research, Wah Chang Smelting A Trading Co., N. Y. 

* CoQsuiting engineer, New York. 

« *‘De re metalUoa,’* Vol. 12. 1557. 


104 



ANTIMONY 


105 


beiag closely sdmilar to germanium. Antimony is but slightly oxidiaed at ordinary 
temperatures* On heating, however, the metal readily oxidises to the trioxide. 
The metal is also readily oxidized by any salts that can easily give up their oxygen 
component, such as lead oxide and manganese peroxide. It also oxidizes in the 
presence of steam. 

In acids, the metal is unattacked by dilute sulphuric, but forms antimonious 
sulphate in hot concentrated sulphuric. It is attacked by hydrochloric only when in a 
state of fine powder. In concentrated nitric, it is converted to the trioxide. In 
aqua regia it dissolves readily to form the pentachloride. 

Mixed with niter and soda, antimony explodes on ignition. With alkaline nitrate 
and chlorate, the metal decrepitates, forming an antimoniate. 

Some of the fundamental constants and chemical reactions germane to the metal- 
lurgy of antimony are now recapitulated, as follows: 


SbjSs melts at 550® (Pelabon); at 540® (Wagemann); at 546® (Borgstrom) 

SbjSa volatilizes, in the absence of air, between 650® and 917® {S. A. Chakhov and 
1. 1. Slobodskai) 

Sb2S* + 90 Sb20s 4- 3BOj; begins at 290®, rapid at 520®, and finishes at 560® 
(Saito); begins at 290®, if the size of the grain is 0,1 ram. in diameter, at 343® if 
0.1 to 0.2 mm., and at 430® if 0.2 mm. (Friedrich); commences at 190®, ener- 
getically at 340®, and terminates at 445® (S. A. Chakhov and 1. 1. Slobodskai) 
SbjSa + 2Sb208 6Sb -H 3SO3; in a current of inert CO2, gas, at 950® (W. R. Schoel- 
ler) 

x(Sb2S8) 4- yCSbzOa) xyCSbaOsSj); fused under a layer of salt; at 517® 

SbaSa + Fe 2Sb + 3FeS 

2Sb2S8 4- 9O2 281)203 -)- 6SO2; H » -687,000 cal. 

SbjSa 4- 3H2O 2Sb208 4- 3H2S; H « 4-26,700 cal. 

86283 4- 602 86204 4" 3SO2; fl ** —389,900 cal. 

SbaOa 4* 0 86204; at above 445® (Chakhov and 8lobod8kai) 

86204 + 0 86204; commences at 900® and finishes at 1030® (Chakhov and Slo- 

bodskai) 

aSbsO* SbeOij 4“ O2; at between 620 and 720® (A. Simon and E. Thaler) 

86204 SbaOa 4- 0; at between 750 and 800® (A. Simon and E. Thaler) 

86204 SbaOa 4- 0; at 930® (A. Simon and E. Thaler) 

58b20, 4- 0 286403; at between 360 and 400° (C. T. CarneUey and J. Walker) 

28620, 4- 0 86407; at between 440 and 500® (C. T. CarneUey and J. Walker) 

SbjO, 4- 0 86407; stable between 500 and 565® (C. T. CarneUey and J. Walker) 

86,0, 4- 0 -♦ SbjO,; at between 565 and 585® (C. T. CarneUey and J. Walker) 
8b.Oi + 0 SbjO.; stable at between 590 and 775° (C. T. CarneUey and J. Walker) 
2ab.Oi + 3C 2Sb, + SCO; at red heat 
Sb,04+4C-^3Sb+4C0 
SbjOi + SCO -.SSb + 3COj; between 602 and 596° 

8b, 0. + 6H - Sb, + 3H,0; at red heat 
Sb,0, + SCO 28b + SCO,; at 500° (Watanabe) 


Oret and Deporits,— There are found in nature upward of about 112 rninerab 
containmi antimony, but only a few of them, as arranged in Table 1, can be wm- 

sidered as antimony ore-forming minerals. j j 

Speaking generaUy, antimony lodes are simple lodes, limited m rtnke and de^, 
and belonging to the mesothermal type of deposits. Us^y bism 
pinching oft rapidly. Most of the weU-known dejwsito m various^ af the tre^ 
occur, either directly or indirectly, associated with igneous rocks. They are gene^y 
granitaa and rockaot intermediate acidity, such as diorites, quarta-diontes, moniomtes, 
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and qnartas-monaonites. The exceptions to the general association of igneous rocks 
are the metasomatic replacement deposits in limestone. 


Table 1 


Class of 
mineral 

Name of 
mineral 

Formula 

Anti- 

mony, 

% 

Specific 

gravity 

Mode of 
occurrence 

Sulphide 

Stibnite 

SbjS, 

71.4 

4.52-4.62 

Hypogene 

Oxide 

Valentinite 

(rhombic) 

SbjO, 

i 

83.3 

5-5.66 

8up| 

irgenc 

Oxide 

Senarmontite 

(cubic) 

SbaO, 

83.3 

5.22-5.30 

Sup< 

Lgene 

Oxide 

Cervantite 

Stibiconite 

ShiOi 

ShiOi.UiO 

78.9 

4.084 

Supcijgene 

Hydroxide . . 

74.5 

5.1-5.28 

'Supergene 

Oxysulphide 

Kermesite 

2 Sb 2 Sj.Sb 203 

75.0 

4. 5-4. 6 

Super^ne 

Native 

Native anti- 
mony 

Sb 

94r*98 

6.65-6.75 

Hypogene 

Mercury ore 

Livingstonite 

HgSb4S7(HgS.2Sb2Sa.S) 

53 

4.81 

Hypogene 

Lead ore — 

Jamesonite 

Pb2Sb2S6 

29.4 

5. 5-6.0 

Hypogene 

Copper ore. 

Tetrahedrite 

CU8Sb2S7 

24.7 

4.4-5. 1 

Hypogene 


Market and Uses. — In 1935, the United States consumed 46 per cent of the apti- 
mony of the world, Great Britain 18, Germany 13.3, France 9.4, and Italy 3.6 per 
cent. The average price per pound of antimony from 1908 to 1938 was 11.6 cents 
(minimum 5 cents, maximum 45). Ore is generally bought on an agreed price per 
unit (United States unit being 20 lb., British 22.4 lb.). Antimony content of the ore 
is generally limited to a minimum of 50 per cent. Lead, bismuth, arsenic, copper, and 
zinc are considered objectionable impurities and are penalized if they are present 
above the following percentages: lead 0.3, arsenic 0.1, copper 0.1 per cent; zinc and 
bismuth are considered very objectionable impurities if present in more than traces. 

The trade specification for the metal or regulus is that it shall contain a minimum 
of 99 per cent antimony and not more than 0.3 per cent arsenic and show the usual 
blight “stars’^ on the surface. 

Uses. — The principal uses of antimony, arranged in the order of magnitude of 
consumption, are as follows; 

1. Metallurgical Uses, in the form of alloys. 

BaUerieB , — The largest use of antimony — normally aboiit 30 per cent of the total 
United States consumption — ^is in the manufacture of grids in storage batteries, as 
used principally in automobiles. The percentage of antimony in storage-battery 
grids ranges from 5 to 12. 

Bearings . — ^For bearing purposes the quantity of antimony required amounts to 
about 20 per cent of the annual consumption in the United States. Bearing metal is 
sometimes known as white metal. There are two types of white metal, the tin-base 
and the lead-base; the former is known commercially as '^babbitt metal*' or ‘*bab- 
bittA.^* Tbe genuine babbitt metal contains generally less than 10 per cent antimony 
im4the Iead«>bas6 white metal less than 15 per cent antimony. 

Type Metal . — ^This is essentially an alloy of lead, antimony, and tin, containmg 

to about 30 per cent Sb. 
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Britannia Metal and Pewter. — Britannia metal is practically an alloy based on tin 
with antimony in variable proportions and smaller i^uantities of copper, sine, lead, 
bismuth, or other metals. Pewter, an alloy of tin>antimony«copper, resemble high^ 
grade Britannia metal. 

Ammunition. — ^The general composition of shrapnel bullets is 12 to 15 per cent 
antimony, the balance is lead. 

Cable Sheathings. — Cable sheathings are made of lead hardened by 0.75 to 1.00 per 
cent antimony. 

Hard Lead. — Hard lead is simply antimonial lead. The antimonial content of the 
lead depends upon the use to which the metal is put, the percentage ranging from 6 per 
cent or lower for rolled sheets for linings and roofing to 28 per cent for special purposes, 
such as nozzles. 

II. Chemical Uses. 

Enameling, — As an opacifying agent for white enamels, antimony trioxide has 
almost completely replaced tin oxide, mainly because of the high price of the latter. 

Pigments. — 1. “Antimony white” is the trioxide of antimony which is formed as a 
very fine powder in the flues and dust chambers of antimony-roasting furnaces. It 
can be collected in this form and used without further treatment for certain paint 
purposes, but a specially ground and prepared oxide called Timonox is produced in 
England, of superior texture, opacity, and whiteness, which has become of great 
usefulness among pigments. 

2. “Antimony black” is metallic antimony deposited electrically or chemically 
as a fine powder from an antimony solution and is used as a bronzing pigment for 
metals and plaster casts. 

3. Antimony vermilion,” a red trisulphide of antimony, may be formed by pre- 
cipitating an antinmny salt from solution with sulphureted hydrogen. As a pigment, 
it is in many ways superior to red oxide of lead, red chromate of lead, or mercury 
vermilion. 

4. “Antimony yellow” is produced by the slow oxidation of the sulphide; various 
shades of yellow are formed by mixing with red lead and zinc white. 

5. “Antimony blue,” “antimony violet,” etc., are other pigments produced by 
mixing antimony yellow with other mineral compounds. 

Rubber Vulcanizing. — Manufacturers of antimony sulphuret for use in the rubber 
industry customarily use the words “golden ” and “crimson ” to indicate pentasulphide 
and oxysulphide, respectively, and the word “golden-crimson” when both are present. 
It is still doubtful whether pure pentasulphide as such has ever been prepared. Com- 
mercial antimony pentasulphide, or “golden antimony sulphide,” is generally sup- 
posed to be a mixture of antimony tetrasulphide and free sulphur (SbsS 4 + S), 
Whether the “crimson” product is really an oxysulphide of antimony is still doubtful. 
It has been considered that many of the substances described as oxysulphides of 
antimony are probably mixtures. 

Mardanis. — Tartar emetic and antimonine are the principal compounds of anti- 
mony that are used as mordants. 

Ammunition. — Antimony sulphide in the form of “crudum” is used as a con- 
stituent in military and sporting arms primers and as a smoke producer for smoke 
screens, range-finding shells, and tracer bullets. 

Ftrepfoo^w^.-— The largest single use of antimony today is for a new demand, tibe 
preparation of an antimony compound with chlorinated rubber or chlorinated paraffiu^ 
employing approximately 10,000 tons of the metal per year, for rendwing certain 
essential war fabrics femeproof and’ fire-resistant. Materials treated with , the 
compound quickly extinguish flames that accompany initial combustion by vhrtu^ 
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of an automatic chemical reaction as the compound itself is heated. Certain new 
fireproofing pigments of antimony base, employed in ship construction, are also 
increasing the war consumption. 

Other Uses . — In various forms antimony is used in the manufacture of matches, 
medicine, fireworks, toys, etc. 

The Metallurgy of Antimony. — Stibnite, Sb 2 S 8 , antimony sulphide, or glance, is 
the principal ore for the extraction of antimony. The other ores — cervantite, kerme- 
site, valentinite, sernarmontite — are oxide ores and occur sparingly in nature. Dry 
methods are generally adopted for the extraction of the metal. Electrometallurgical 
methods have had much attention in America and Germany but have not yet found, 



Fig. 1. — Processes for treatment of antimony ore, 

by ore-dressing methods has commanded some attention and been adopted in a few 
cases. 

The impure sulphide of antimony, resulting from the liquation process, is called 
‘^needle/' '^liquated,” or ^'crude’^ antimony, and the refined metal itself is called 
antimony “regulus.” 

The accompaning scheme shows the different processes adopted for the treatment 
of various grades of antimony ores. 

Liquation of Crude Antimony. — The first step in the smelting of antimony is a 
aimple one — the process of “liquation,*’ which produces crude or needle antimohy. 
Ores containing about 60 per cent Sb are used in the liquation process for the produc- 
tion of crude. The temperature required for liquation is between 650 and 600^0, 
Chres to be liquated are broken to about walnut size. If the pieces are larger than this, 
the low heat used will not penetrate effectively, and if the size is smaller than walnut, 
the ore tends to pack too closely for adequate penetration. A packed charge also 
prevents the free escape of the fused sulphide. 

Intei^ttent Liquation in Cruciblea,— There has been developed in China a unique 
type of furnace for crude smelting which, in spite of the heavy loss in antimony 
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entailed during smelting, is simple in construction and operation, as shown in Kg. 2- 
The furnace is generally built in four sets of two pots each. The upper pot, which has 
a J^-in. hole at the bottom for the liquated 
product to trickle through, is the con- 
tainer, capable of holding a charge of 45 
to 60 catties (1 catty is equivalent to 
about 1.3 lb.), and the bottom pot, bed- 
ded in sand or ashes, is the receiver for 
the liquated product. Each charge 
requires 2 to 4 hr. to run, and the life of 
the pot is generally 10 to 15 days. The 
liquated product is ladled into a mold, 
holding 16 lb. of crude. F’or 60 per cent Sb ore, the extraction is generally 83 per cent 
of the contained antimony, and for 45 per cent Sb ore, it is as low as about 64 per cent. 
The residue from the container contains 12}^ to 30 per cent Sb, which, as will be seen 
later, can be extracted in a volatilization furnace. 



/W- 


Cross Section 
Fig. 2, 


Charging Sid? 


-Liquation furnace and pots used 
in China. 



Continuous Liquation in Reverberatory Furnaces. — The primary object of the 
liquation process is to free the sulphide of antimony from its associated gangue. As 



Figs. 4-5.— -Elevation and cross sections of liquating reverberatory. 


carried out in the old-fashioned pots, tubes, or crucibles, it is laborious, escpehsiv^, 
and wait^uL On the other hand, although liquation can be eaeily oanwd out ^ 
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reverberatory furnaces, the operation is attended with some difficulties. The main** 
tenance of a reducing atmosphere, to prevent the formation of either the volatile 
trioxide or the stable tetroxide, is not easy to attain. While the trioxide can be 
partly recovered in any suitable flue or condensation apparatus, the tetroxide, found 
remaining in the residue, has to be considered as a loss, since it can probably be 
recovered only in a very high temperature upon further treatment of the residue by 
the volatilization process. It is regrettable that experimentation with gas-firing has 
never been tried out, as it is obvious that by such a method of working a reducing 
atmosphere can be better maintained. 

Figures 3 to 5 show the construction of a liquation reverberatory furnace. 

The residue from the liquation process, generally retaining about 15 to 25 der cent 
Sb2S8, may be treated in any of the volatilization furnaces to be described lawr. 

Dead Roasting for the I^eparation of the Stable Tetroxide. — Dead roasting as a 
process is seldom adopted, even with rich sulphide ore or crude, as the intermediate 
product Sb204 has no market and has to be finally reduced to the metal. Rich sul- 
phide ores containing about 50 per cent Sb are generally treated by the liquation 
process for the crude or by the English precipitation method for the metal. 

The oxidizing roasting of antimony ore results in either one of two products, 
depending on the temperature and air control — the volatile trioxide, SbsOa, or the 
stable, nonvolatile tetroxide, Sb20i. 

The chemical changes taking place in the production of these two oxides are rather 
complicated. According to Borchers,^ the tetroxide, Sb204, which he regarded as a 
salt resulting from the reaction of the pentoxide, SbaO^, having an acidic character, 
with the trioxide, Sb208, having a basic character, is thus produced : 

BhiO, -b BhiOi « 2SbSb04 

However, from a study of the temperature control of the roasting of the sulphide for 
the derivation of the various oxides, the authors now' consider the above reaction to be 
apart from the facts. In a general way, w'hen the sulphide, 81^283, is roasted, the 
following chemical changes take place: 

Below SOO^’C. 

2Sb2Sa 4- 9O2 281)20, 4* 68 O 2 ; H « +687,000 (1) 

Between 500 and 900®C. 

Sb20a + 0 —♦ Sb 204 (2) 

In other words, the tetroxide is derived directly from the trioxide and is not formed by 
the mutual reaction of the trioxide with the pentoxide. W^hen the sulphide is heated 
below the temperature indicated in formula (1), the trioxide is formed with evolution 
of heat, amounting to 687,000 cal. This heat would instantaneously bring the par- 
ticles of nascent Sb20i to temperatures well above 500®O; which then renders the 
reaction according to formula (2) possible, if an excess of oxygen is present. 

When oxides of other metals are present, antimoniates are formed. If, also, sul- 
phides of foreign metals are associated with the stibnite, these foreign metals are 
brought mostly to the form of antimoniates, instead of remaining, as they would 
under ordinary circumstances, as sulphates. If the proper temperature (below 
500®C.) and an excess of air have been maintained, and if, in the case of rich ores, 
constant rabbling has been performed, the roasted mass should contain the tetroxide 
principally. Under ordinary working conditions, however, the product will contain 
antimony glass, undecomposed stibnite, and antimoniates, arsenates, and sulphates 
jM the foreign metals present. Much attention must be paid to the regular rabbling 

Jgian, Wizmut, Antimon, “ Metallhutienbetriebe/' Vol. 4, p. 13S, W. Kimpp, Halle, 1024. 
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of the charge as the richer parts of the ore tend to liquate and to frit togeiJier. The 
richer the ore, the more difficult it is to roast. Toward the end of the roasting, the 
temperature should be raised a little, in order to complete the oxidation of any unde- 
composed sulphide. If earned at too high a temperature, however, the mass will frit 
together, and the penetration of air to the interior is prevented, and both the sulphide 
and oxide are volatilized. 

A charge properly roasted has a reddish color while in the furnace and an ashy- 
gray color on cooling, and there should be no evidence of fritting in the furnace. If 


Hood ibr Removal 



Fio. (). — ^Long-bedded reverberatory. 


an excess of air has not been available, the roasted product will be largely the volatile 
trioxide instead of the tetroxide. 

The roasting of stibnite for the production of tetroxide is generally carried out in 
reverberatory furnaces provided with condensing apparatus. The furnaces are of two 
kinds: (1) small rabble furnaces (egg-shaped hearth), (2) long-bed reverberatory fur- 
naces (similar to the hand-reverberatories of lead smelting practice). Figure 6 shows 
the small-type rabble furnace used in France. 


"a 
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Fjq . 7. — Cylindrical roasting furnace. 


A rabble furnace of this type handles a charge of 5 to 6 cwt. of ground and screened 
ore in about 6 hr. The time required varies from 3 to 12 br., according to the riehness 
of the ore. During the first 2 hr. the door must be dosed, but toward the end it ii 
opened for stirring and rabbling the charge and for free admission of an eaccess of air, 
Loss of antimony in this furnace treatment varies from 4 to 8 per cent. 

The long-bedded reverberatory of German, Frendi, Italian, and AmerlcAa 
M about 40 ft. long by 76 in. wide. It has 8 or 10 working doors on each side and car- 
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lies about IH tons of ore, of which 6 cwt. are charged at a time. The ore works 
through the furnace in about 40 hr.; during the last 2 hr. before drawing, the charge is 
thoroughly rabbled every 5 min. and the heat is strong. Properly roasted ore has a 
dull grasdsh^yellow color. Loss of antimony in these long-hearth furnaces runs about 
8 per cent. 

Furnaces with a trough-shaped hearth, sloping toward one side, have been pro- 
posed, but are not in successful use, for the carrying on of both reduction and roasting 
at the same time. The slope of the hearth is for tapping out any accumulation of 
sulphide that Uquates during the roasting. 

The dead roasting of the ore or of the crude as carried out in reverberatory fur- 
naces is simple, but is not entirely satisfactory, as constant and vigilant attention is 
required to prevent the fritting of the mass, which, when once formed, would mevent 
the penetration of the air to oxidize the interior of the mass. To obviate such diffi- 



culty as well as efficiently to oxidize the charge to the stable tetroxide without the 
expenditure of much labor, A. Lissner and E. Eichelter^ have made use of a cylindrical 
rotary furnace of 12 to 20 m. in length, with some degree of success, as illustrated in 
Pig. 7. Such a furnace can be fired with flaming coal or gas, greferably with the latter. 
The draught can be regulated with a ventilator, while any volatile oxide formed can 
be condensed in any suitable flue or condensation apparatus. 

At the Wah Chang Mining & Smelting Co., Changsha, China, the crude was first 
ground into powder in a Chilean mill and was then fed into a reverberatory furnace, 
as shown in Fig. 8, which could dead-roast 2000 lb. (906 kg.) of crude per 24 hr. with 
a consumption of 700 lb. (317 kg.) of coal. Two workmen were required per furnace 
per shift of 12 hr. 

Volatilixation Roastiiig lor the Trioxide. — Practically all the shaft furnaces for 
the volatilization process are based on the same principle. The ideal ore for treatment 

1 Tbe Use a Betary Fumaoe lor the Roasting of Rich Antimony Ore. M 0 M u. Rrr.. Vol. 19, p. 
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in such furnaces is one containing 16 to 25 per cent antimony; ore above 40 per cent Sb 
would partly volatilize and partly liquate, and part of the liquated product would 
combine with the volatilized trioxide to form an oxysulphide compound, commonly 
known as ** antimony glass,” which causes fritting at the lower zone of the furnace. 
Even with ore containing 30 to 35 per cent Sb, some fritting might occur, necessitating 
the maintenance of the furnace at a higher temperature than necessary for poorer 
ores. Hence the paradox: the richer the ore, the higher the percentage of coke 
required for the charge. It is possible to volatilize an ore of about 20 per cent with 
4 to 6 per cent charcoal, the temperature being thus kept at low red-heat. On the 
other hand, with liquation residue which ranges from 15 to 25 per cent, the problem 
is different. Here we have a material that disintegrates and packs at a very low red 
heat, thus partially blocking up the furnace and preventing free passage of the air 
upward. To remedy this, some works use a forced draft, while others use an excess 
of coke, amounting to 30 to 50 per cent of the charge, thus increasing the porosity 
of the charge. One can frequently tell when the furnace is blocked or when the suction 
fan is choked with the trioxide, especially if water is introduced into it, by observing 
the appearance of a reddish tint in the issuing trioxide fume, which would be white 
with the furnace working under normal conditions. A plausible explanation for 
the appearance of this reddish tint in the otherwise white trioxide is found in the 
formation of the compounds SbzSaO, Sb208.2Sb2S3, Sb2O3.2Sb2Sj.4H2O, or Sb2S8.2H20. 
Some sulphide particles from lack of free oxygen might be volatilized as such at tem- 
peratures above 650*^0., taking up the moisture still in the ore. Another fact, which 
seems to substantiate such an explanation, is that whenever a new furnace, or one 
that has been standing idle for some time, is started the trioxide fume is frequently 
colored red at the commencement and continues so until the furnace is well under way. 
The explanation here is that there must be present a certain amount of moisture in 
the furnace, and it is this moisture that is taken up by the volatilized sulphide to 
form the above-mentioned red hydrated sulphide. In fact, an analysis of this pinkish 
oxide sometimes shows the presence of 5 to 6 per cent S. 

It is impossible to maintain uniform temperatures throughout the furnace shaft. 
The bottom part of the furnace, where the burned-out ore is ready to discharge, is 
cooled by the incoming air, while the top part is also comparatively cool. The central 
part thus localizes a hot zone of reaction where fusion of the siUcate-forming minerals 
of the gangue and in the coke causes frequent trouble. 

While Otto Barth 1 states that the volatile trioxide exists only below 700® and above 
1100®, our experience indicates that antimony sulphide, when roasted under properly 
restricted admission of air, changes to the volatile trioxide below 445 or 560® and above 
930®, while between the two limits, the oxide exists only as the stable tetroxide. In 
practice, the stable tetroxide may be considered to exist between 500 and 1000®. It 
is thus obvious that proper control of temperature is important for the successful 
operation of the volatilization process. 

The many advantages of this method of treating low-grade antimony ores have 
brought it into general favor, and it is extensively used in one form or another in 
France, China, Yugoslavia, and elsewhere. These advantages are: (1) When the ores 
contain precious metals these are found in the residues after volatilization. (2) Bar* 
ring dressing the ores, it is the only method really suited to low-grade ores. (3) With 
different devices for condensation, the loss of antimony can be greatly lessened. (4) 
Less fuel is required, as the sulphiir in the ore can be utilized as fuel. (6) The con- 
densed tiioxide can be reduced to metallic antimony, or it can be marketed as white 
oxide to make paint, enamels, etc. 

i '*£>{« M^tallverfiiiobtisuneaverfahrea mit beBonderer BBritoksiehticuns dftr Herst^u^ yon 
Zinkoxyd/* p. 65. W. Knapp, im 
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Of the various modificatioiis that have been developed in the volatilization method 
of producing antimony trioxide, the following important ones are described. 

HerrenBchmidt Process , — Figure 9b is a longitudinal section and view of Herren- 
schmidt^s finally perfected equipment (1908). Figure 9a is a cross section of a roasting 
furnace along AB, Figure 9c is a longitudinal section along JY, 

The broken ore, carrying 10 to 20 per cent antimony, is charged, mixed with 4 to 8 
per cent charcoal, into the roasting furnace a the bottom of which is formed by hori- 
zontal iron bars b. The volatile antimony trioxide is deposited on condensation 
pipes c, in the condensing chambers d, under suction from the two fans h. The last 
trace of the uncondensed oxide is caught by the water coming from the coke tower t, 
at the top of which are the water pipe j and the seesaw water distributor fc. The 
roasting furnace is built partly of bricks, partly of cast metal. The condenmng 
chambers are of cast iron, and the coke tower of wood. Each condensing chambelf is 
1 m. long. 



Longitudinal Section J*V 

Fig. 9. — Perfected Herrenschmidt volatilization and condensation apparatus. 


With mine-run ores, carrying 10 to 15 per cent antimony, 6 tons can be treated in 
24 hr., with a fuel consumption of 4 to 5 per cent gas coke or 6 to 7 per cent charcoal. 
With ore containing 18 to 20 per cent antimony, 43^ tons per 24 hr. can be treated 
with a fuel burden of 5 to 6 per cent gas coke or 7 to 8 per cent charcoal. Each unit 
employs four workmen per 24 hr., and the fans and pump require 3 hp. 

Gas coke gives better results, if obtainable, but most of this antimony work is 
done in out-of-the-way places, where charcoal is cheaper. 

The size of the ore treated is 1 to 4 cm. Ore dust must be separated out, and, if 
present in lai^e quantity, must be briquetted with 7 or 8 per cent clay intp balls of 
proper size and charged along with the ore. The working of the furnace proceeds 
as follows: 

A charge of old scoria is placed on the grates up to a height of about 10 cm. above 
the uppermost bar; and wood and charcoal are put in to a height of another 10 cm. 
As soon as the fuel is lighted and burning freely, another charge of 300 kg. of scoria, 
mi^ed with 6 per cent charcoal, is put in. Finally, when the furnace is up almost to 
full heat, an ore charge of 50 kg., mixed with 2 kg. of charcoal, is put in, and this is 
eonrinued unril the furnace is full to within 30 cm. from the mouth. The same charge 
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ss repeated every 12 to 14 min., according to the rate of revolution of the ventilating^ 
fans — ^which is 1200 to 1400 r.p.m. — and the scoria is discharged accordingly. 

The temperature of roasting, for trioxide production, should not be over 500*0. 
About 30 cu. m. of water per day are required for one apparatus. 

The loss of antimony in the Herrenschmidt apparatus is variable, approximating 
10 per cent; the skill of the laborer is all-important. By manipulation and spreading 
of ore and fuel so that the ore is thoroughly burned and the antimony contents fully 
volatilized, the percentage of fuel can at times be cut down to about 3 per cent, and 
the yield of oxide can be increased to 95 per cent. 

The Wah Chang Mining & Smelting Co.'s plants in China, for several years the 
leading producers of antimony, used about 15 per cent charcoal on ore running 20 to 
35 per cent antimony; if the charge consisted of liquation residue, the charcoal required 
amounted to 20 to 22 per cent for coarse and 24 per cent for fine. The scoria dis- 
charged from the shaft furnaces generally carried about 3.5 per cent antimony from 
ore charges, and 4.5 per cent antimony from the liquation residue charge. 



The FoUsain Furnace.^ — In 1926, Friedr. Krupp-Grusonwerk A. G. patented the 
so-called Waelz process for the treatment of zinc, lead, cadmium, arsenic, antimony, 
bismuth, and tin ores. This process has been adopted by the Podringi Consolidated 
Mines Ltd., in their antimony smelting work at Krupanj, Yugoslavia. In principle, 
the Waelz process is somewhat similar to the FoUsain process. 

The FoUsain furnace as illustrated by the diagrammatic drawing (Fig. 10) is a 
revolving furnace. The preheating kiln is approximately 30 ft. long and 36 in. internal 
diameter, and the secondary or carbon combustion zone is about 7 or 8 ft. long by 6 or 
7 ft. diameter. The air for combustion is heated in an air heater to about 750*C. 
The waste gases carrying the antimony trioxide fume leave the kiln at a temperature 
of 230 to 250*C. and are then passed to a CottreU electric precipitation plant for the 
recovery of the antimony trioxide. Fuel consumption is 25 to 30 per cent of the 
weight of ore charged. Power consumption is to 6 kw.-hr* per ton of ore treated. 
For the treatment of, say, 20 tons of 20 per cent Sb ore per day, two revolving furnaces, 
as iUustrated, are required. 

Antimony Smelting at Cortia Roaaa (Ballao), Sardinia.*— It is interesting to note 
that in this smelter a converter has been adopted for the volatilization process. It 
seems that this converter is an adoption of the ‘^convertisseur" apparatus patented 

' Private information from FoUsain Syndicate Ltd. (London). 

*Sul.trattamento" del minorali di antimonio in Sardegna, /nduafrio, Vdl. 32, pp. 487-438, July 31, 
1918. 
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by Coliin^ in France, The converter is composed of two parts, as shown in Fig. 11; 
the bottom part, which is hemispherical in shape and can be revolved horiaontally 
on two bearings for the discharging of its contents, and the top part, which acts as a 
hood. Compressed air enters from the bottom, while the volatile fume is drawn 
from the top of the hood by means of an aspirator. This method is specially adaptable 
to the treatment of fine ore, especially ore of a calcareous nature, which if treated in a 
shaft furnace, would render the operation difhcult and troublesome. 



The Blast Roaster.* — The blast roaster as shown in Fig. 12 is intended to be an 
improvement of the usual shaft furnace for treating low-grade antimony ores. It is 
in principle a modified form of water-seal gas producer, employing mechanical charging 
and discharging devices. The blower delivers air to an annular space or wind box 
around the furnace, before entering the latter through the grate. The coke consump- 
tion for the roasting proper will be lower than that for an ordinary shaft furnace, as 
the air is preheated. 

The blast roaster differs from the ordinary shaft roasting furnace mainly in that 
it uses air under pressure instead of under suction. Since the product of roasting 
is volatile antimony trioxide, it is obvious that an upward movement of air under 
pressure through the ore bed would be more positive in as^ting volatilization of the 
trioxide besides furnishing the necessary oxygen for chemical reactions. It also uses a 
principle of blast roasting in its progressive roasting action through the ore bed, but 
it differs from the general practice of blast roasting in that the sulphur content of the 
whole charge is low, only about 7.17 per cent (assuming 20 per cent Sb ore grade and 
10 per cent coke consumption) as against 12 to 14 per cent for lead and zinc ores in 
blast roasting; therefore there will be no incipient fusion of the ore particles, which is 
an essential factor of the latter process. Although it is like a gas producer in both 

^ OonYCrtiaMur pour U sSparatioa des mMaux fixes et volatile dana lee mitiSraux oomplexee, Marcel 
Coiltik. French patent 428708, Bept. 6, 1911. 

' i * Private eommuiucatioii from C. C. Chao, metaliurgist of the National ReBouroee CommiBsion, 
Oiina. 



ANTIMONY 


117 


construction and operation^ there will be no reducing effect because (1) the coke in the 
charge is isolated by the excessive gangue of ore and (2) the blast delivered will be 
more than sufficient for the theoretical roasting and combustion^ thus ensuring an 
oxidizing atmosphere throughout the ore column. It also differs from the blast-fur- 
nace smelting in not slagging the gangue with fluxes and in treating a low grade of ore. 
Thus there will be no self-reduction effect of stibnite. 



Fig, 12. — Blast roaster. 


Other Processes for Preparation of the Trioxide. — ^There are perhaps a dozen 
processes for the preparation of the volatile trioxide, which at different periods, in 
France, Italy, and Germany, have had some prestige. In all of them, the principle 
of roasting, volatilizing, and condensation of the oxide is, of course, the same; differ- 
ences exist merely in the forms of furnaces, condensers, and methods of collecting 
the oxide. 

In the Chatillon process, which has been employed on a large scale in France, the 
furnace consists of two double cupolas terminating in a common flue from which the 
volatilized oxides are led to water-cooled condensing chambers made of sheet iron. 
The upper cupolas are charged with alternate layers of fuel and ore, and as the liquated 
sulphide melts and falls through to the lower cupola, it meets an upward current of 
hot air that converts it into the trioxide, SbjOa. Before leaving the plant the gases 
are reduced to a temperature of 100®C., and passed through a baghouse. The sub- 
limate obtained contains 98 to 99 per cent antimony trioxide. 
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The Blast Furnace. — The blast furnace can be operated as a producer of both 
antimony trioxide and metal at the same time. Treatment of this subject will be 
taken up under the next heading. 

Pigment Trioxide. — The trioxidc, as produced in the treatment of the ore by the 
volatilization process, is generally impure and coarse and hence is not suitable for 
pigment purposes, although it may be used as an opacifying agent for white enamels. 

The following processes may be adopted for the production of pigment trioxide. 

The process adopted by the antimony smelter at Costerfield, Victoria, Australia, 
was as follows:^ **The furnace was a small circular cupola with four tuyeres at the 
top of the hearth and two more admitting air to the top of the charge above the feed 
door. The condensing section of this plant consisted of a firebrick and red brick 
chamber, a cyclone, and baghouse with a centrifugal fan placed in the circuit it the 
intake of the baghouse. The oxide with a small amount of reduction slag from the 
starring furnace was charged into the furnace on a bed of burning coke where itWon 

volatilized. The cooling of this oxide took 
place very rapidly so that it was deported 
mostly in the amorphous form as very sp^all 
spheres. A small amount of crystalline oxide 
was also collected at the cyclone. The bag- 
house product was the most suitable as a 
pigment on account of the fine state of divi- 
sion of the particles, approximately 0.0025 
mm. in diameter, and its spherical form and 
whiteness. 

Antonin Germot* proposes the following 
method of manufacturing antimony trioxide: 
A furnace / (Fig. 13) in masonry, heated to 
the appropriate temperature by any known 
means, preference being given to electrical 
resistances r, receives an inverted bell 6, provided with one or more blowing-in tubes f, 
which open at the lower part of the furnace, the orifices of the tube^ being disposed 
above the lower edge of the bell. The bell b, dipping into the metallic bath a, thus 
forms a closed chamber d which contains only the air or oxygen blown in by tubes t. 
The air oxidizes the molten metallic antimony to Sb208 in the state of clouds of 
impalpable powder, which is discharged through the neck c and collects in any settling 
chambers. Fresh antimony in lumps is added to the bath from time to time. 

Jean Joseph Listrat* proposes to treat antimony sulphide ore, for liquation and 
volatilization as antimony trioxide, in one operation. However, it has been found in 
practice that antimony crude alone forms the best charge for such treatment. The 
apparatus consists of a furnace 10 (Fig. 14) having three cupola chambers 11, 12, 
ejad 13. The central chamber 12 communicates with an receiving apparatus for 
the fumes of oxide given off, and the end chambers 1 1 and 13 are directly connected 
to any condensation apparatus. Air is blown into these chambers through inclined 
pipes 14. Antimony ore or antimony sulphide is introduced into the central cupola 
chamber 12. Any suitable source of external heat is used for originally heating the 
central chamber after which, when the process gets under way, the exothermic reac- 
tions will provide all the necessary heat. The gangue from the ore charged may be 
taken off at proper intervals through the taphole. The purest oxide obtained is ' 
from chambers 1 1 and 13. 

i MeliBAN. Ckem, Sng. Mining Rev., Deo. 6, 1926. pp. 94-05. 

* Britlih patent 203519 (1922); U* B. patent. 1504685. Aug. 12, 1924. 

> 0. B. patent 1873774, Aug. 23, 1932. 



Fig. 13. — Germot trioxide furnace. 
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Antimony oxide pigment,^ known in England under the trade name Timonox, is 
now manufactured in France by a patented process,* by which metallic antimony 
obtained by dissociating the trisulphide at a high temperature, probably above 
\020®C., is subsequently oxidized to the trioxide. Traces of sulphur trioxide in 
the antimony oxide are removed by vigorous washing in lime water, agitated by 
compressed air. 

The main points of the process* as patented by the Deutsche Schmelz-u. -RafEnifsr- 
werke A. G. for the manufacture of antimony oxide for pigment purposes are: (1) 
the air for oxidizing the metal is diluted by nitrogen, carbon dioxide, combustion 
gases, principally by exhaust gases; (2) the antimony used is directly heated by burn- 
ing gas which plays on the surface of the metal; (3) the oxygen content of the flame is 
so adjusted that the antimony oxide obtained is amorphous; (4) the temperature of 
the antimony bath must be brought to about 1000°C. 



10 15 IS 

Fig. 14. — ^Listrat antimony furnace. 


Methods for the Production of Metallic Antimony. — The last phase in the metal- 
lurgy of antimony is the production and refining of metallic antimony. Unrefined 
antimony metal is sometimes called crude antimony, but the metal is never marketed 
in this form; the name would be confused with liquated sulphide which is commonly 
called crude antimony, or more correctly antimony crudum. Antimony metal may 
be obtained from (1) the oxides (trioxidc or tetroxide), (2) from antimony crudum^ 
or (3) by direct smelting of antimony ores. Of these methods, the bulk of the world’s 
antimony, up to the present time, has been produced by the first two mentioned. 

The direct smelting of metal from its ores was receiving a great deal of attention, 
however, in the United States (San Pedro), Mexico (Wadley), and England during 
the period just preceding 1918, and in earlier years at Banya in Bohemia, and some 
very successful results were being achieved. It is not overstating the case to say 
that the operators of the blast furnaces engaged in this direct smelting had, prior to 
the great metal depression, already accomplished such progress in the normal blast- 
furnace reduction of antimony ores as to indicate the possibility of a complete recon- 
struction of the practice of antimony metallurgy. In fact, at the present time, at 
the Laredo plant in Texas, at a plant near Mexico City, Mexico, and at a plant in 
France, blast-furnace practice is adopted. It is well demonstrated that the blast 
furnace is the best appliance for a certain class of antimony ores — ^those oantaining 

* Chem. Trade Jour., VoL 88, pp. 837-838. 363-864^ Oct. 19. 26, 1928. 

* Metm tt. Srt., Vol. 29, pp. 10M18. March, 1932. 

> Britieh patent 345034, Mar. 19, 1931. 


120 


NONFEnROUS METALLUmY 


about 25 to 40 per cent of metal. These are too high to be best suited for roasting 
and are yet too poor for liquation or direct precipitation smelting^ and for their 
treatment, as well as for by-products of the same richness, the blast furnace offeis 
undoubtedly the best method. 

Under the misthods that have, in general, so far prevailed, reduction of the oxides 
is carried out either in reverberatory furnaces, in water- jacketed or blast furnaces, or 
in crucibles. In reducing the oxide, care must be taken to control volatilization and 
to keep any unaltered sulphide out of the mass of metal. A fusible slag is utilized, 
which forms a cover preventing volatilization and which also dissolves any metallic 
sulphides left. This slag, composed of soda, potash, and Glauber’s salt, acts as a 
refining agent, carrying off most of the impurities that may be in the oxides./ On 
ores carrying low percentages of antimony, the volatilization and reduction prodesses 
are used, because they are considered to be the cheapest of all methods and prepuce 
a very pure metal. 


A 



Reduction of Oxides in Reverberatory Furnaces. — Of the several reduction meth- 
ods, the reverberatory is simple and easy to control, but it is attended by heavy loss 
of antimony and is, therefore, used for rich ores and cheap fuel. Loss of metal gener- 
ally runs from 12 to 20 per cent and may be as high as 30 to 40 per cent with careless 
working. In France, Austria, and New Jersey, the reverberatories used have been 
of approximately the following dimensions; hearth, egg-shaped, length about 8 ft; 
width in center, 5 ft. 3 in.; width at fire bridge, 3 ft. 4 in.; height of fire bridge, 1 ft. 
4 in.; width between top of fire bridge and roof, 1 ft.; maximum height of roof over 
bed, 3 ft. 3 in.; opening for charging, 1 ft. 4 in. wide. At the deepest part of the bed 
is a hole through which the metal is tapped. An 8-in. flue leads into condensing 
chambers about 400 ft. long. The antimonial vapor passes into these chambers and 
is deposited there. Figures 15, 16, and 17 show the type of furnace used. 

The precipitate recovered in the condensing chambers contains up to 50 per cent 
antimony. The furnace charge consists of about 500 lb. of roasted ore, oxidized ores, 
oxides, liquation residues, flue dust, etc., together with about 100 lb. of flux composed 
of salt, soda, about 70 lb. of ground charcoal, and sometimes a small quantity of 
Glauber’s salt. It is also found to be good practice to remelt about 300 lb. of slag 
froxn previous charges. The flux is charged into the furnace first, and when it is 
melted down and all boiling or agitation of its surface has ceased, the other materials 
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ar© charged into the furnace^ about 40 lb. every 16 or 20 min. The charge is then wdil 
stirred^ and the scum produced is drawn off. After the last charge has been put in, 
the temperature of the furnace is raised and kept up until the process is completed.' 
During the smelting, the charcoal acts as a reducing agent, robbing the antimony of 
its oxygen, while part of the soda combines with the sulphur, and the^remainder helps 
to form a slag with the gangue. Any other metals present are carried into the slag 



Fig. 16 . — Section of reduction reverberatory. 


as sulphides by the action of the sulphide of soda which is produced through the 
reduction of the Glauber’s salt by the charcoal. Common salt serves the same pur- 
pose by carrying foreign metals into the slag as chlorides. 

The fuel consumption is somewhere between 5 and 6 cwt. per charge, and the loss 
is usually about 14 to 15 per cent. When considerable antimony sulphide is present; 
a little iron or iron slag may be added to assist in reducing the sulphide. When the 
smelting is complete, the metal is drawn off into molds through a tapping hole, and 



during the cooling in the mold, care must be taken to have it completely covered over 
with slag. When the metal solidifies, the slag is knocked off by hammering. 

The charge is thoroughly rabbled after about 6 hr. in the furnace, and the metal 
separates out from the slag which is skimmed out, and is soon ready for tapping into 
molds. The “atarring” of the regulus is done in the mold. A purifying mixture, 
composed of 6 parts of carbonate of soda and 4 parts of antimony trioxide, is melted 
down in a small chamber at one end of the reverberatory furnace or in the furnace 
itself after the riag is skimmed away. When the metal Is ready to be tapped, some 
of this molten mixture is poured into the molds to be used. The regulus is th^ run 
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into these molds, and the purifying mixture, being lighter, immediately comes to the 
top, forming a cover over the regulus. When the metal solidifies, any of the mixture 
remaining on top is removed by hammering. 

Reduction of Oxides in Water-jacketed Blast Furnace. — In California and 
Mexico, blast-furnace smelting of antimony ores has been brought to a high degree 
of efficiency. The manipulation of the furnace and charge has much in common with 
the ordinary practice of the lead blast furnace. 

Roasted ore, briquetted flue dust and oxides, and smaller amounts of unroasted 
stibnite, together with siliceous waste for slag-forming material, make up the charge. 
Recovery of antimony runs 95 to 98 per cent, slags carrying about 1 per cent, some- 
times running as low as 0.25 per cent, of antimony. j 

The Cookson plant, at Wadley, Mexico, handled ores of a refractory nature and 
of comparatively low grade. The antimony content varied from 25 to 40 per cent. 
The ores at Wadley were, in the main, oxidized, between 80 and 90 per cent of the 
antimony being present as oxide, the remainder being sulphide. The gangue\was 
siliceous and calcareous. On account of the refractory nature of the ores and their 
oxidized condition, the comparatively simple methods of smelting adopted in China 
were not satisfactory, nor could the usual English methods be employed. They have, 
however, proved amenable to blast-furnace treatment. The plant was somewhat 
elaborate and costly, in comparison with the reverberatory methods, but excellent 
smelting results were obtained. The plant was seldom in operation with antimony 
below 12 cents per lb,, c.i.f. New York. 

The ores, after rough concentration, were smelted in rectangular water- jacketed 
blast furnaces, similar to those employed in smelting lead ores. Limestone and irqn 
ore were used as fluxes and coke as the reducing agent. The blast furnaces weie 
some 28 ft. high, 5 X 3 ft. hearth area, and were blown by comprcjssors delivering air 
at a pressure of 2 to 3 in, of mercury. A forehearth was provided to separate the 
metal from the slag. Owing to the high temperature attained in the blast furnace, 
and to the volatility of antimony, very efficient baghouses were necessary to deal with 
the fume carried over in the blast-furnace gases. The fume was briquetted and 
worked off with the ore in the blast furnaces. By running a highly siliceous slag, 
the antimony content of the slag was kept down to about 1 per cent. 

The antimony obtained as above, generally termed “ singles, contained 5 to 
7 per cent iron and 1 to 2 per cent sulphur. Deleterious impurities were practically 
absent, as the ores, apart from their low grade, were very pure. 

The iron and sulphur in the singles were removed by submitting the metal to the 
^Moubling” process, which consisted of a combination of liquation and fusion under 
alkaline fluxes in reverberatory furnaces. The resulting doubles” were further 
refined and starred by Cookson & Co.^s special starring process, the resulting '‘Star” 
antimony being of high quality and guaranteed 99.6 per cent purity. 

Reduction of Oxides in Crucibles. — This method of redu'etion is now seldom used. 
The use of crucibles and pot furnaces precludes the working of large charges. Fuel 
consumption is high, and each pot has a life of only seven or eight charges. 

Extraction of Metal from Crude. — Antimony crude or antimony “needle” is 
frequently marketed and used for various purposes, such as for vulcanizing rubber, 
matchmaking, and for ammunition manufacture. As the market for crude is limited, 
it is necessary to convert the greater part of it into antimony regulus. This may be 
done in one of two different ways: (1 ) conversion of the sulphide into antimony oxides, 
and then reducing the oxides in reverberatory furnaces; (2) direct smelting of the 
sulphide to metal, iron being added as the reducing agent. 

^uglikh Precipitation Method. — In China, the English precipitation has been 
found too inconvenient and costly to compete successfully with the oxidizing methods, 
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and the latter have become the accepted mode of treatment for crude in that field. 
In England, Hungary, Japan, and Mexico, however, the precipitation method remains 
in vogue, rich ore or antimony crudum being directly reduced to metal by crucible 
fusion with metallic iron. The fundamental principle involved in this method is 
the greater affinity of sulphur for iron than for antimony. In the precipitation process, 
iron is used to decompose the sulphide of antimony to give sulphide of iron and 
antimony as in the equation 


SbjS, + Fe, « 2Sb + 3FeS 

Iron sulphide is formed, even at a comparatively low temperature, the antimony 
being separated out in the metallic state. The high specific gravity of the iron 
sulphide makes it difficult to separate the antimony from the iron sulphide, and it is 
necessary to add sodium sulphate and carbon in order to produce sodium sulphide, 
which, combining with the iron sulphide, forms a fusible matte of low specific gravity. 
In England, instead of sodium sulphate and carbon, common salt is used. The iron 
is usually added in the form of turnings, shavings, or tin-plate cuttings. The propor- 
tion of iron must be carefully controlled, for if sulphides of lead and arsenic are present, 
they will be reduced by any excess of iron not taken up by the stibnite and will 
enter into the antimony metal as impurities. 

It is found in practice that the theoretical amount of iron required for desulphuriz- 
ing the stibnite is not sufficient, owing to the fact that part of the iron is taken up in 
decomposing the sodium sulphate. 

Losses of antimony in the precipitation method occur from both volatilization and 
slagging, running 10 per cent, or over. Ordinarily, the process is carried out in 
crucible furnaces. Shaft and reverberatory furnaces are used in some cases, but the 
metal losses are much greater in the latter furnaces. 

The Ihiglish process proceeds as follows: The stibnite is reduced by metallic iron 
in crucibles in a long reverberatory furnace. Dimensions of the furnace are: length, 
54 ft.; width (inside), 7 ft. 4 in. The bed is covered by a low arch which springs 
almost from the surface of the ground, the bed itself being below ground level. It m 
heated by a fireplace at each end, a common flue taking off from the middle of the 
furnace floor. The sides and roof of the furnace are covered with cast-iron plates. 

The crucibles are lowered into place through 14-m. circular holes in the arch, 
42 holes (21 on each side) being provided. The pair of crucibles nearest the fireplaces 
at each end is kept for ** starring,’^ or refining, the crude metal. Each crucible takes 
achargeof ore (hazelnut size), 42lb.;iron, 161b.; common salt, 41b.;skimmings (from 
the doubling operation), or slag from previous smelting, 1 lb. 

Tinned scrap is preferred; for insertion into the crucible it is pounded into a round 
ball, large enough to fit the top of the crucible. The balance of the iron required is 
in the form of turnings or borings, which are mixed with the ore, together with the 
salt. The mixture is dropped into the crucible through a funnel; the furnace hole is 
then closed for half an hour, when the crucible is examined. The salt used assists 
the separation of the slag and tends to promote the fusion of the siliceous material. 
On an average, four meltings are made in each crucible per 12 hr.; the richer the ore, 
the shorter is the time required. 

The crucibles are made of a mixture of graphite andifire clay and are generally 
20 in. high and 11 in. across the mouth. The crucible, dry, weighs 42 lb., of which 
approximately 36 lb. is fire clay and 6 lb. graphite. 

A mold, conical in shape, is placed opposite each crucible. The metal obtained 
is known as ‘‘singles,'^ and contains about 91.6 per cent antimony, 7.3 per cent iron, 
0.8 per cent sulphur, and 0.3 per cent insoluble matter. 
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The singles are next purified by fusion with a small amount of liquated sulphide of 
antimony, to remove the iron remaining in the metal. The charge for this second, or 
''doubling,” process is: singles (broken small), 84 lb.; antimony crude, 7 lb.; salt, 41b. 

The fused mass is stirred occasionally with an iron rod, the time required for one 
charge being about hr. When fusion is complete, the slag and matte are ladled 
off with an iron spoon and the contents of the crucible poured into the molds used in 
the previous fusion; the matte and skimmings are added to subsequent ore smeltings. 
The metal thus obtained is known as "star bowls,” and contains 99.0 to 99.53 per 
cent antimony, 0.18 per cent iron, and 0.16 per cent sulphur.^ 

The effectiveness of this second liquation can be understood when it is remembered 
that in such an alloy of antimony and iron intermetallic compounds are present. fOne 
of these, with the chemical formula FesSb 2 , has a freezing point of 1016®C., and another 
(FeSb 2 ), which forms from Fe 3 Sb 2 and liquid, crystallizes out at 730®C. The meltog 
point of pure antimony is 630°C. Hence, in the heating up of this alloy, the antimony 
first melts and the antimony-iron compounds tend to separate and rise to the surface. 
These are then "taken up” by the slag and removed from the bath of metal under 
purification. ' 

The presence of sulphur, due to the excess of crude used, is indicated by the crystal- 
line pattern that forms on the surface of the metal being covered with small glistening 
patches, the latter being known as "flouring.” In order to remove this sulphur, 
another fusion is necessary. 

Starring. — The custom of the trade is to demand antimony that is "starred,” or 
crystallized, on the upper surface, and it is at this stage that this "star” is obtained. 
These two results are accomplished by melting the metal wdth what is known as the 
"antimony flux,” a substance that is often difficult to obtain, in proper composition, 
at first. This flux is prepared by rule-of-thumb method, about as follows: 3 parts of 
ordinary potash are melted in a crucible, and 2 parts of ground liquated sulphide are 
mixed in. When fusion has become quiet, the mixture is poured out and tried on a 
small scale to find out whether it jdelds a good star. If the star is satisfactory, the 
ingot of metal obtained is then broken and the metal examined in order to determine 
whether it is free from sulphur. If, however, a good star is not obtained, the flux is 
remelted, and more of one ingredient or the other is added as experience dictates. 

The first of these operations of the precipitation process — smelting the crude with 
iron — ^is called "singling,” the second operation — resmelting the singles for the produc- 
tion of the bowl metal — is called "doubling,” and the last operation is called "refin- 
ing,” or "frenching.” 

Direct Extraction of Metal from Ore or Crude. — (Reverberatory Bath Furnaces). 
Several patents have been taken out (Sanderson, Cookson, Herrenschmidt) on the 
direct smelting of antimony sulphide in a bath of ferrous sulphide, on the hearth of a 
reverberatory furnace. This method has given good results but has had no wide 
adoption commercially. After the hot ore has been charged into the reverberatory 
and thoroughly rabbled, iron is added together with a certain amount of soda ash, the 
temperature raised, and, when decomposition of stibnite by iron is complete, the 
antimony metal is tapped. The taphole is closed as soon as the iron sulphide appears. 
Slag is drawn through the working doors, and as the iron sulphide increases during the 
operation it is removed until the bath is reduced to its original depth. 

At a smelter in Mayenne, France,* using a reverberatory furnace with a bed 10 ft. 
long by 4 ft. wide, the charge made up every 3 hr. was as follows: 

1 In Jnpifcn at tha Satjo Smeltery, the Star Bowl metal carried 97 to 98 per cent Sb, 1.5 per cent Foi 
and 0.7 to 0.8 per cent B. 

sQowlamd, ''The Metallurgy of Non^eirous Metals," revised by C. D. Bannister, 4th ed., 1988, 
pp* 570-575. 
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Pounds 


Rich ore (50 to 60 per cent Sb) 992 

Worked ore fines (about 45 per cent Sb) 330 

Slag from second or refining fusion (about 20 per cent Sb) 44 

Sodium carbonate 44 

Scrap iron 529 


At the Wilhelmsberg Works, in Germany, re'^erberatory furnaces fired with gas 
were adopted for the smelting of the crude. The first smelting was done in a furnace 
having an elliptical hearth whose area was 300 X 500 cm. The charge was made up 
of 3000 kg. of crude and 1000 to 2000 kg. of iron, soda, salt, slag, and charcoal or 
anthracite. The use of powdered charcoal or anthracite was to prevent the excessive 
loss of antimony due to volatilization. The time required for the smelting was 5 to 6 
hr., and the consumption of coal was 525 kg. per ton of the crude charged. The 
crude metal contained on an average 3.5 per cent Fe. The average result was Sb in 
the raw metal, 86 to 88 per cent; Sb in the slag, 8 to 10 per cent; loss due to volatiliza- 
tion, 4 to 6 per cent. This metal was refined in another reverberatory furnace, having 
a hearth area of 150 X 250 cm. The charge was made up of 1500 kg. of raw metal, 
plus soda, charcoal or anthracite, old refinery slag or couverture slag. Time required 
was H to ^ hr., and the coal required was 400 kg. per ton of regulus produced. 
Average loss was 6.5 per cent, counting the antimony content of metal in the raw 
metal as well as that of the slag and couverture charged. 

Water-jacket Blast-furnace Smelting. — The blast-furnace smelting of antimony 
ores, both sulphide and oxide, is entirely feasible and will undoubtedly come into more 
common use as the industry advances. Already, in Mexico, California, and England, 
successful blast-furnace smelting has been under way for several years, proceeding 
along lines only slightly modified from regular lead-smelting practice. 

The operators of these blast-furnace plants are most enthusiastic regarding the 
advantages and ultimate general adoption of this method, asserting confidently that 
the first page of antimony metallurgy has hardly been written and that the blast- 
furnace process will extensively replace the old existing methods in the industry. 
That this may come about in Europe, Mexico, and America there is little question. 
Under existing ownerships and conditions in China, however, it is extremely improb- 
able that any reshaping of the industry will take place. 

Attempts to smelt unroasted stibnite ores in water- jacketed blast furnaces did not 
come to any successful result until recent years, and published information on the 
subject is exceedingly meager. There is a marked difference in the behavior of 
stibnite and that of other metallic sulphides in the blast furnace. It has been found 
best to add no metallic iron to the charge and to regulate the coke so as to preclude 
ally reduction of ferrous oxide in the flux. No iron available for matte is provided, and 
matte is usually absent. Any addition, or presence, of metallic iron will always result 
in the production of an antimony-iron alloy — speiss. 

It is usually found that the contents of the furnace crucible gradually freeze from 
the bottom upward, and the entire crucible is eventually a solid mass. It is fre- 
quently the practice to fill the crucible with firebrick and separate the mixed flow of 
slag and metal in a shallow reverberatory foreheartfi. 

While the blast-furnace smelting of stibnite has not enjoyed the long industrial 
history of the volatilization and English precipitation methods, it is to be stated that 
the best conditions for the process appear to be less than 10 per cent of coke, low blast 
pressure, low metal content of the charge (about 10 per cent), high smelting column 
(over 16 ft.), and separation of slag and metal in a heated forehearth. In an efficient 
plant, the great bulk of the volatilized material is recovered in baghouses, but it is, of 
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course, undesirable to have to re-treat a large amount of fine material unsuitable for 
blast-furnace work. The flue dust is best treated in a reverberatory, while the fume 
is useful in refining, or it may be used as raw material for the manufacture of antimony 
compounds. 

The blast-furnace process does not appear to be adapted for the treatment of 
high-grade stibnite ore. Loss by volatiUzation is common to all forms of antimony 
smelting, and in this respect the blast furnace is far worse than the reverberatory, 
where a layer of flux or slag protects the metal. With low-grade material, however, 
which it is difficult or wasteful to treat by other methods, the blast furnace offers 
decided advantages, t.c,, where large quantities of poor ores, foul slags, mattes, or 
liquation residues have to be worked up. It is a favored mode of smelting fbr all 
materials containing about 25 to 40 per cent antimony, which can be mixed! with 
fluxes to give a charge sufficiently poor in metal to hold down volatilization. \ 

It is pointed out by Schoelleri that the production of antimony from stibniW in 
the blast furnace is an oxidizing process in which the metal is formed in two stages 
that proceed simultaneously; (1) the molten stibnite absorbs oxygen from the bl^ist; 
(2) the oxide at once reacts with the unaltered sulphide (roast-reaction proems) 
to form metal and sulphur dioxide, thus: 

2Sb*Sa +902 = 2Sb20, + 6SO2 
2 Sb 203 + SbgSs « 6 Sb + 3SO2 

In endorsing this theory of the blast-furnace process, it is realized that it has been 
a commonly held belief that antimony sulphide and trioxide do not react on each 
other as do the corresponding lead and copper compounds, but that the antimony 
compounds fuse together to an antimony glaKSs. The latter reaction occurs, 
without question, if the oxide-sulphide mixture is fused in a crucible under a layer 
of salt, but if stibnite is roasted with insufficient access of air, some oxide will be 
formed which will react with the unaltered sulphide, part of the antimony settling 
out in a metallic state. The roast^reaction process does, therefore, have a part in 
the smelting of antimony. It appears, in some degree as well, in the process of 
liquation, the metallurgical operation carried on on a large scale in China, for the 
concentration by fire of antimony-sulphide ores. Examination of this crude dis- 
closes the fact that it is not pure antimony sulphide, but a complex solid solution, 
containing oxide and free metal. The molten sulphide in trickling down from the 
upper pot absorbs oxygen from the air rising from the crude already collected, which 
partly converts it to trioxide. This reacts with more sulphide to form metal and SO 2 , 
which latter is carried away by the draft, allowing the reaction to proceed. Once 
the material has collected in the lower pot, the reaction is arreted on account of the 
lower temperature and the small surface exposed. It is thus proved that molten 
antimony sulphide by itself, in an air current, is partly converted into antimony, and 
the product also contains the trioxide. 

The Mace Blast Furnace.^ — The Mace blast furnace is a distinct improvement 
on the usual type of blast furnace for antimony smelting. The main variations from 
the old type blast furnace are (1) diametrically opposed rectangular tuyeres below 
the shaft of the furnace in place of the circular tuyeres spaced at regular intervals 
in the lower part of the water jackets, and (2) a removable crucible in place of a solid 
crucible built on the ground. There are several advantages in the use of the rec- 
tangular tuyeres which extend the full length of the furnace on both sides. The 

> Bla«t-ftirniUie Smelting of Stibnite with Consideration on the Metallurgy of Antimony. Trana. /naf. 
Mining Mit, (Undon), Vol. 27. pp. 237-267, 1917-1918. 

* Private oomixiusiioation from H. C. Maee. 
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whole hearth area is active, and the dead spaces that exist between the tuyeres of the 
older type furnaces are eliminated. This gives a uniform and intense combustion 
over the entire hearth. 

On account of the open tuyere, the Mace furnace uses lower blast pressure (as 
low as 4 02 . per sq. in.) which is an important feature in continuous operation of the 
smaller units. The tuyeres are so constructed that the opening into the furnace 
hearth can be adjusted. For oxidization and volatilization smelting, the slot is left 
wide open so that a large volume of air under low pressure can be admitted. For 
reduction smelting, the slot is narrowed. Another advantage of the open tuyere is 
that any accretions can be removed from the furnace by drawing them into the wind 
box with the hookinstead of punching the dead material back into the furnace as is 
necessary with the circular tuyeres. The advantages of the removable crucible are 
evident. 

' The antimony plant set up recently near Mexico City, Mexico, has a Mace furnace 
in operation. The ore treated is an oxide ore, containing a small amount of stibnite, 
having the following composition: Sb, 36.0; Si02, 48.0; S, 5.0; Fe, 1.05; AI 2 O,, 0.6; 
CaO, 2.0; MgO, 1.4 per cent. « 

The gangue is principally silica, running from 45 to 52 per cent, and the antimony 
runs from 35 to 38 per cent. Limestone and hematite are used for flux in the blast 
furnace to slag the silica, and the furnace charge is about 50 per cent ore and 50 per 
cent flux with 15 per cent of the weight of the charge coke. The furnace is run with 
a low column and a hot top to volatilize the maximum amount of the antimony. A 
small amount of antimony single metal, assaying 91 per cent antimony and 9 per cent 
iron, is produced, but no matte. The baghouse oxide assays 81.6 per cent antimony, 
and apparently the only impurity in it is a small amount of carbon dust from the coke. 
The baghouse oxide is mixed with 15 per cent fine charcoal and 6 per cent soda ash 
and is reduced in a reverberatory furnace to metal. The capacity of the furnace is 
30 tons of charge in 24 hr. 

Bl&st-fumace Smelting for Antimonial Lead. — The International Lead Refining 
Co.^ treated antimony sulphide ore (25 to 60 per cent Sb, 6 to 45 per cent SiOa) and 
antimony oxide ore (20 to 40 per cent Sb, 10 to 45 per cent Si02) in a blast furnace, in 
which were added the secondary materials, such as battery plates, battery mud, lead 
oxide, paint and other refinery skins, to furnish the lead required for marketable 
antimonial lead. The blast-furnace equipment consisted of two five-tuyere 42-in. 
round furnaces, connected by a flue to the baghouse. On account of the high zinc 
and arsenic content in lead refinery by-products, a slag of the composition Si 02 , 26 per 
cent; FeO, 40 per cent ; C'aO and ZnO, 20 to 24 per cent, was maintained. An average 
analysis of slag for 6 months showed that it contained Sb, 0.6 per cent and Pb, 2.36 per 
cent. The actual blast-furnace loss amounted to 2.4 per cent Sb and 1.50 per cent Fb. 
The furnace charge varied from 2500 to 3000 lb. with 13 per cent coke. Blast pressure 
was maintained at 10 to 12 oz. The two furnaces smelted 60 to 90 tons of lead and 
antimonial material per day, producing 30 to 35 tons of antimonial lead of the following 
composition: Sb, 13 per cent; Cu, 0.15 per cent; As 0.75, per cent; Pb, 86.1 per cent. 

Antimonial Lead. — One example of production in the United States is at the 
Pittsburgh Plant of Federated Metals Co., where a circular blast furnace 42 in. diam- 
eter at the tuyeres, with 10-ft. water jackets, treats approximately 100 tons per day 
of smelting stock made up of antimony-bearing lead battery plat^ and lugs (carrying 
69 to 92 per cent Pb and about 4 per cent Sb), antimony ore, returned slag, limerook, 
8.0 per cent coke, and 4 to 5 per cent scrap iron. Blast pressure is 24 oz. The ^nti-* 
mony ore used has about 40 per cent Sb, 1 per cent Pb, and the antimony recovery 
is about 85 per cent of the total antimony smelted. The products are approximately 

» Hvust, Treating Antimony Ores, Chtm, Mng^ Vol. 21, p. 727, 1919, ; i 
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71 per cent antimonial lead metal (carrying 88.4 per cent Pb, 11.3 per cent Sb), 17 per 
cent discard slag, 2.3 per cent matte, and 10 per cent fume and dust. 

Converters^ — Sulphide ore of antimony can be smelted in a converter into which 
air is blown, but this is not a method in practical use. The air burns part of the 
sulphur of the ore, with the production of sulphurous acid and the metal itself. Anti- 
mony sulphide fumes are formed also, and these, if acted upon by a current of air, 
give antimony oxide. 


The Hodson-Wang Process of Antimony Smelting. — An interesting combination 
of accepted methods of ore reduction is found in the Hodson-Wang continuous flash'' 
process, ‘ which process utilizes the heat of the reduction reaction and also permits 



removal of all gangue from the ore during roasting treatment. Pulverized ore is 
generally used, although one adaptation of the process is designed for use of lump ore. 
The crude ore is roasted in an externally heated vertical or horizontal chamber by 
waste gases from the reduction furnace. Antimony in the lore is carried off to the 
main reduction chamber as trioxide gas, and all gangue matter drops to the bottom 
of the first chamber. The volatile trioxide formed is injected directly into a vertical 
shaft furnace with gaseous media (or with preheated air and carbon), and the mixture 
of reducing gas and oxide particles is kept in violently turbulent motion by a sudden 
i^eversal of direction. This agitation in the reducing gas promotes speed of reaction 
and prevents formation of an envelope of nonreducing gas around the oxide particles. 
The reduced metal, in fine liquid form, is collected in a lower chamber. With arsenical 
ores, usually sulphide, the arsenic forms volatile arsenic trioxide in the first, roasting, 
ehm&her together with the antimony trioxide. It will be reduced along with ^nti- 

> (0.8. patent 229IX>S9» Sept. 8, 1942.) Qranted in the United States, Canada, Mexico, and Bolivia; 
applied for in Italy, Japan, Germany, Brasil, Belgium. 
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mony in the second chamber. However, as arsenic sublimes at a temperature of 
616 °C. and the reduction furnace is kept at about 800 °, the antimony condenses out 
as a liquid, while arsenic remains a vapor and can be carried off with the gases for 
subsequent collection. 

By-products of Antimony Smelting. — The by-products produced in the foregoing 
processes include liquation residues, matte, slags, and flue dust. The slags obtained 
from the extraction by the roasting and reduction method consist principally of 
silicates; those from the precipitation method, silicates and sulphides. They are 
thrown away if not sufficiently rich to be used in the first smelting of the ores. The 
other by-products are all added to the charges in smelting the ores, the liquation dross 
being first roasted. The flue dust is intimately mixed with soda ash, before smelting. 
Liquation residues are also sometimes treated separately in shaft furnaces. 

The extraction by wet methods of antimony from its ores has had much attention in 
European centers, but it is still a matter of academic discussion, rather than practical 
application. Solution of stibnite is readily effected in sodium sulphide, sodium 
hydroxide, or calcium sulphide, and from such solutions antimony sulphide is pre- 
cipitated by carbon dioxide or sulphurous acid. There is little evidence, however, 
that commercial recovery of antimony from its ores by wet methods has come about. 

It is recognized that in the treatment of ores containing a mixture of the sulphides 
of antimony and lead, it would be difficult to separate the two metals. The study of 
Wagenmann^ establishes the fact that in order to separate the lead sulphide from such 
a mixture by a solution of Na2S, the two sulphides present in the mixture must satisfy 
the chemical formula 2PbS.Sb2S3 or Pb2Sb2S6 so that the reaction Pb2Sb2S6 -b 2Na2S 
= Na4Sb2S6 -f 2 PbS would take place. In other words, when the Sb2Sa in the 
mixture is less than 41 per cent, enough Sb2S3 must be melted with the mixture in 
order to bring it up to 41 per cent. 

Electrolytic Extraction of Antimony. — The supply of antimony for the world^s 
needs to date has come almost entirely through the application of dry methods. 
Poor antimony ores either have not been used in the past, or have been subjected 
to a volatilizing roast, with subsequent reduction of the trioxide, usually in rever- 
beratory furnaces. This is, however, a somewhat laborious metallurgical operation, 
and the application of electrolytic methods as a means of extraction from poor ores 
has long been desired. 

During the high-price years, a small electrolytic production occurred, the solvent 
being a 6 per cent sodium hydroxide solution, which gives an extraction without 
serious contamination with other metals. 

This solution, electrolyzed, deposits antimony of a very high purity, but in ordinary 
times the deposition of the antimony and the necessary regeneration of the electrolyte 
are too costly to make the process commercial. The chief difficulty is a troublesome 
accumulation of thiosulphate at the anode, which blocks the commercial success of the 
electrolytic process. 

When the solution is electrolyzed, the reaction at the cathode seems to be 
NasSbSg -h 3 H » Sb -h 3 NaSH 

while at the anode, sodium thiosulphate and NagSg are formed by oxidation. The 
6 per cent NaOH solution holds about 3 per cent antimony at first, but as thiosulphate 
accumulates, the solvent power decreases until there has accumulated one atom of 
sulphur for each atom of sodium present, when the solvent power has dropped to 
abdut 0.7 per cent. When this amount of sulphur has gone into solution, the iron 
anode commences to be attacked and* falls to pieces rapidly. A practical insoluble 

^Bobchvbb, Zinxi, Wisraut, Antimon, “Metutthuttenbetriebe Vol. 4 pp. 134-'136» W, Knapp. 
Halle. 1924. 
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anode has not been found. The continuance of the process beyond the point at which 
the sulphur in solution commences to be in a larger atomic percentage than the sodium 
requires the regeneration of the solution, or furnishing a new one. If a new solution 
is applied, it means the consumption of 1 lb. of NaOH per pound of antimony. 

The best way to handle this situation seems to be the proposal by Demorest to 
evaporate the solution to dryness with exhaust steam ; roast the residue in a reverbera- 
tory furnace to get rid of about half the sulphur, thus changing the thiosulphate to 
sulphate; then mix with coal and heat until it has all been reduced to Na2S, which 
quickly dissolves stibnite and can be put into the circuit again. Small-scale experi- 
ment shows this to be successful, but it has not been tried on a large scale. : 

J. Koster and M. B. lloyer^ have developed a novel electrolytic process fpr the 
treatment of antimonial gold concentrates from ores found in the Yellow Pine Mine at 
Stibnite, Idaho, of the following composition: Au, 1.66 oz. per ton; Ag, 6.34 oz. per ton; 
Sb, 15.6 per cent; As, 5.5 per cent; Fc, 19.1 per cent; S, 25.0 per cent. This concen- 
trate was first smelted with iron and soda ash in the proportion of 4:1:1; the crude 
metal obtained, to be cast into anodes, had this composition: Au, 8.4 oz. per ton;^g, 
14.6 oz. per ton; Sb, 60.7 j)er cent; As, 7.5 per cent; Fe, 27.4 per cent; S, 5.9 per cent. 

'^The electrolyte was prepared either by solution of antimony metal in sulphuric 
acid, evaporating to fumes of SO3, and solution of the white pasty mass in concen- 
trated hydrofluoric acid; or solution of antimony oxide in concentrated hydrofluoric 
acid, filtering undissolved matter, adding concentrated acid, and diluting to 80 g. Sb 
and 500 g. sulphuric acid per liter. 

The crude metal from the smelting operation was cast into anodes in vertical 
molds i X 7 X % in. The cathodes were of 16-gaugc sheet copper and were 
longer and }i in. wider than the anode. The most satisfactory current density was 
found at 6 amp. per sq. ft. Current efficiency was found to be 99 to 100 per cent. 

The cathode metal was found to have the following analysis: Au, trace; Ag, 1.1 to 
1.5 oz. per ton; Sb, 91 to 96 per cent; As, 3 to 7 per cent; Fe, 0.2 to 0.4 per cent; S, 
0.06 to 0.09 per cent. This cathode metal, after purification by fusion with slag 
consisting of equal parts of XaOH, NaCl, Na2C08, and NaNOs, followed by a starring 
fusion with 3 parts K2CO3 and 2 parts Sb2S3, was found to have an analysis of Sb, 
99.73 per cent; As, 0.19 per cent; Fe, 0.06 per cent; S, 0.02 per cent. The anode 
slime, containing most of the precious metals, was found to have an analysis of Au, 
70 to 133 oz. per ton (80 to 94 per cent recovery); Ag, 114 to 237 oz. per ton (30 to 
48 per cent recovery) ; Sb, 4 to 8 per cent; As, 6 to 24 per cent; Fe, 35 to 45 per cent; S, 
14 to 28 per cent. The matte from the precious smelting contained, upon analysis: 
Au, 0.26 oz. per ton (7 per cent recovery); Ag, 5.9 oz. per ton (50 per cent recovery); 
Sb, 3.1 per cent (11 per cent recovery) ; As, 0.8 per cent; Fe, 52.6 per cent; S, 32.1 per 
cent. The recovery of antimony was found to be 80 to 90 per cent, from concentrate 
to marketable metal. 

Electrolytic Antimony — At the Bunker Hill and Sullivan Mining & Concentrating 
Co., Idaho, tetrahedrite, 3Cu2S.Sb2S8, concentrates mixed with Na2COg, Na2S04, and 
coal are fed to a three-electrode electric furnace. Current, at 50 to 110 volts, flowing 
from electrode to furnace wall, the charge serving as the resistance, yields a melt 
temperature of about 2300®F. Matte is tapped from the furnace, cooled, and crushed 
to pass 80 mesh. The ground matte is leached with sodium sulphide solution at 
140®F, to form the electrolyte. Undissolved pulp is crushed and tabled to yield a 
concentrate of Sb-Bi-Ag alloy and a tailing containing 25 to 30 per cent Cu and 1 per 
cent Sb, the latter being added to the copper-smelter charge. From the electrolyte 

1 Eleettolytio Recovery of Antimony from Antimonial Cold Ores, U, 8, Bur* Mine$ Bept. Jnvetiigo* 
tion 9491, February, 1940. 

> Mining Wgrld, Vol 4, No. 6. pp. 8-9. 1942. 
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containing the thioantimonate, Na 8 SbS 4 , antimony is deposited on sheet steel cathodes, 
the anodes being sheet lead. The anodes are in a compartment formed of heavy sail 
cloth as a diaphragm. There is no material corrosion of either electrode at operating 
current density of 20 amp. per sq. ft. Cathodes are stripped of their antimony each 
6 days. Spent electrolyte containing about 2 to 5 g. per 1. is recycled back to the 
leaching tanks after a treatment with sufficient barium sulphide to precipitate the 
sulphate ions present. The precipitated barium sulphate is reduced to sulphide for 
re-use as a precipitant. The antimony, being brittle, is easily removed from the 
cathodes. This plant, erected at a cost of about $500,000, started operations in 
March, 1940. 

Refining of Antimony Metal. — Unrefined antimony usually contains sulphur, iron, 
arsenic and copper, and lead. These impurities, with the exception of lead, can be 
eliminated partly by oxidizing and slagging agents, partly by sulphurizing agents, and 
partly by chlorinating agents. Soda, potash, or antimony glass (antimony oxy- 
sulphide) removes sulphur by fusion and converts arsenic into arsenate of soda or 
potash. The conversion of copper and iron into their sulphides by sulphide of anti- 
mony can be facilitated by the addition of soda or potash, or of Glauber^s salt and 
charcoal. These sulphides form a slag with the sulphide of sodium produced from 
the reduction of the Glauber^s salt, with the soda or potash present. These sulphides 
are easily removed by antimony glass. 

The use of common salt, carnallite, or magnesium chloride to volatilize some of the 
foreign metals present as chlorides, and to slag others, may occasion great loss of metal 
due to volatilization. It is somewhat difficult to remove the lead, and when antimony 
ores arc found to contain a considerable percentage of lead, as is frequently the case, 
they may with advantage be smelted with lead ores to produce hard, or antimonial, 
lead (12 to 15 per cent Sb). 

One of the most objectionable impurities found in antimony is arsenic, because 
great loss of the metal and expense are entailed when one tries to bring the arsenic 
down to the market tolerance. Obviously, the best way to obviate this difficulty is 
to free it as much as possible from the ore before it is smelted. This can be done by 
differential flotation of the arsenic mineral, as will be described later, or as suggested 
by Koster and Royer, ^ by roasting the ground ore or concentrate at 475 to 500®C. 
with steam at atmospheric pressure, when approximately 88 per cent of the original 
arsenic will volatilize off with only a loss of about 10 to 15 per cent antimony. 

If the antimony oxide, obtained in the volatilization process, contains arsenious 
oxide, say as high as 2 to 3 per cent, the following method can be adopted for its 
partial elimination. 

1 . Heat the oxide in a muffle furnace to above 200 °C. whereby the AS 2 O 3 is volatil* 
ized while the Sb208 may remain as Sb 203 or partially change to Sb 204 . Constant 
rabbling is necessary. In an experiment by C. C. Chao in the laboratory of the 
National Bureau of Mining and Metallurgical Research, China, the arsenious oxide 
was brought down from 2,38 to 1.55 per cent at a temperature of about 300®C. 

2. The arsenious oxide can be brought down from 2.38 to 0.54 per cent by digesting 
the antimony oxide with hot water and O.SN HCl for 4 to 6 hr. 

1\> reduce the amount of arsenic contained in the rcgulus, the following method 
can be adopted. After covering the molten metal with soda ash, air is blown into it. 
In three successive operations, occupying about 2 hr., the arsenic content can be 
brought down from 1 to 0.1 per cent. The soda ash used is about per cent by 
weight of the bath in each operation. The soda ash in the slag produced can be 
regenerated by a simple process. 


* 8, Bur^ Minea Rept* Invaatigatian 3491. 
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A similar method of refining antimony by blowing air through the molten metal 
has been worked out by G. A. Merson, L. Ya Krol, and O. E. Krein.i According to 
them, the following optimum conditions are recommended for carrying out the refining 
treatment, which reduces the arsenic content in the metal from 0.70 to 0.05 per cent. 

1. Temperature — 960®C. 

2. Air supply for blowing — 500 ml. per min. per kg. of metal. 

3. Amount of soda slag — 20 per cent; the slag is renewed once during refining. 

4. Duration of refining — 1 hr. under each slag, t.e., a total time of 2 hr. 

Under the above conditions a yield of 89.5 per cent refined antimony was obtained. 
Of the remaining 10.5 per cent, 8.75 per cent passed into the slag, while 1.75 pp cent 
volatilised off as SbsOs. j 

Another method to refine antimony containing an appreciable amount of arsenic 
is to melt the metal, which is crushed to 10 to 15 mesh with, say, 5 per cenfi niter 
and about the same amount of soda ash. \ 

Starring. — It has long been the practice of the trade to judge the purity of repned 
antimony by the development of a fernlike structure, or '^stars,'^ on the surfaoie of 
the ingot. The appearance of this structure does not actually indicate the relative 
purity of the metal, but is only the result of cooling it slowly under cover of a layer 
of a properly prepared starring mixture — couverture — a slag that has a fusion point 
lower than that of antimony, which is 630®(/. When the regulus contains impurities 
like sulphur, arsenic, lead, or iron, to any appreciable extent, its surface shows the 
presence of these foreign elements by specks, by a leaden appearance, or by a poorly 
defined appearance of the fernlike structure. It is true, on the other hand, that 
regulus containing impurities above what are considered to be the limits imposed 
by the market often shows stars as bright and well defined as those of well-refined 
regulus. Since buyers demand this artificial adornment on the regulus, the starring 
operation has become a regular part of the refining process, adding an unnecessary 
cost of $5 to $30 per ton. 

Different mixtures for this couverture are shown in Table 2 by the authors, as 
used, according to local conditions, by various antimony smelters in CJhina. 

Another starring mixture for pure Chinese ores, patented by C. Y. Wang in 1918 
with the object of avoiding the use of mixtures containing any antimony compound, 
utilises iron sulphide, which is generally discarded from the precipitation process of 
antimony smelting as useless. This by-product takes the place of antimony com- 
pound and is used with any suitable alkali compound, preferably potassium carbonate. 
The proportions of the mixture are as follows: iron sulphide, 9 to 14 parts; potassium 
carbonate, 8 parts. 

In England the process of refining and restarring the star bowls, also a pot-furnace 
operation, is as follows: The lumps of metal, when cold, are removed from the mold 
and are thoroughly cleaned from the adhering skin of slag by chipping with sharp 
hammers, this part of the work being sometimes done by women. Unless this cleaning 
process is carefully done, it is well-nigh impossible to obtain good stars on the finished 
metal. The chippings are returned to the second smelting. Having been cleaned, 
the star bowls are broken small. The charge made is about 84 lb., together with 
enough flux to surround the ingots completely; the quantity is generally 8 lb. for 
ingols of the ordinary shape. The melting takes place in the crucibles standing close 
to the fireplaces, where the fusion is most rapid. The metal is charged first and is 
closely watched; as soon as it begins to melt, the flux is added; and as soon as the 
fusion appears to be complete, the furnaceman stirs the mixture once round only, with 
an iron rod, and the charge is then poured out. The flux is used over and over again, 

» /a«r. ApvMt Chmn, (U,8*8,RJ)f Vol. 13, pp. 32a-328, 1040; abstmoted in the MeUtl Ind, {London) t 
1941, pp. 305-500. 
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being regenerated by the addition of carbonate of potash. Tlie ingots most be com* 
pletely surrounded by the flux; there must be a thin layer of it between the mold and 
the metal) and also the whole surface of the ingot must be covered by the flux to a 
depth of in. Any traces of the flux still adhering to the ingot are removed by 
washing in warm water, with the assistance of a little sharp sand. 


Table 2. — Couverture Mixtures 



For a charge of 60 to 70 lb. of bowl metal, with 1 to 2 lb. of potash and 10 lb, of 
slag, obtained from a previous charge of French metal, the time required is ^ hr. 

Refining in Reverberatory Furnaces, — The refining operation is in most cases 
carried on in a small furnace, of reverberatory type, and proceeds about as follows: 
1200 to 1500 lb. of impure antimony is melted as one charge, to which is added 3 to 7 
per cent of soda, mixed with a little coke dust or fine charcoal. The slag from this 
fusion gradually becomes thicker and thicker, and after about 3 hr. is skimmed off 
through the working door. Up to this point, the iron and sulohur remain as impurities 
in the metal. They are next removed by adding ingredients capable of forming 
antimony glass, such as oxysulphide of antimony. For each 100 lb. of antimony in 
the charge, 3 lb. of liquated sulphide of antimony and IH lb. of antimony tetroxide 
are thrown in, and as soon as these are fused, 4H potash is added. Care is 
taken that the bath of metal is completely covered with the fluxes. 

The metal can be ladled out, after another 15 min., being handled cautiously, in 
order to secure the starred appearance of the ingots. Three charges of about 1500 lb. 
each can be refined in one of the small furnaces used, in 24 hr., with a coal consumption 
of 1300 lb. 

The slag obtained in the final step of the refining operation is called ^*8tar slag^^ 
and consists principal!}’' of antimony glass, carrying 20 to 60 per cent antimony. It is 
used repeatedly for refining) until it becomes too impure for the purpose, when it is 
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charged along with the ore for the jirst smelting. The other slags obtained in the 
course of refining are also added to the ore-smelting charges. 

The proper procedure for charging any of the above mixtures is as follows: The 
compound^ after being thoroughly mixed, is immediately charged into the reduction 
furnace as soon as the skimming is finished. The doors are closed, and vigorous firing 
is maintained,* as soon as it is observed that the mixture is completely melted, ladling 
commences. Each ladle dips into the molten metal and, in coming out, picks up a 
certain quantity of the molten couverture, which, when poured out together with the 
metal into a hold mold, completely covers the metal on all sides. Ladling must be 
done rapidly for each moldful — ^four or five ladles to one slab of regulus according to 
the size of the ladle used. The thickness of the solidified couverture varies from 1 to 
2 mm. on all sides except the top, which varies from 5 to 7 mm. The amount of 
couverture required for each charge varies from one-sixth to one-fourth the wight 
of the regulus produced. It is remarkable that generally the weight of the solidified 
couverture hammered off from the slab after cooling is less than the original weight 
of the mixture put in by about one-third, owing in part to volatilization and in par\ to 
wall-fluxing during melting. The couverture can be used over again the second or 
third time, sometimes with an addition of a little soda, until it is so contaminated with 
impurities that it cannot produce any good stars. Then the worn-out couverture is 
mixed with the ordinary charge of trioxide or tetroxide and calculated as an equivalent 
amount of soda required for that charge. In connection with this, the practice at the 
Loong Kee and the Pao Tai smelters may be mentioned : The Loong Kee smelter uses, 
for every 14 tons of regulus produced, 1.14 tons of couverture which, according to 
couverture XII of Table 2, contains 1 ton of trioxide and 0.14 tons of soda. The 
Pao Tai smelter uses 1 ton of couverture XIV for 14.5 tons of regulus. 

Table 3 


Name of brands | Sb | Cu | Fe | Pb 


Sn I Zn I S 


Others 


W. C. C. (Chinese) 99.8481 

Trace 

0 009 

Trace 

0.095|0.030iTrace|0.018| 

Hallett’s 

99.8561 

0.046 

0 007| 

0.718 

0.2I0i0.012l0. 02310.1281 

Cookson's 

99. 

.046 

0 004 

0.102 

0 092 iTraceio. 03410.0861 

Japanese 

99. 19510. 043 

0 007i 

0.424 

0.09510.01210.02310.201 

Chinese 

|99.760j0.012 

0 004 

0.029 

0 090; |0.027i0.078i 

La Lucette 

99,35 i 

o.oiol 

0 060 

0.130 

io 2001 ...| 

0.200| 

U. S, ^‘Lone Star^^ 

99.70 




050 (No other single 

U. S. 

99.30 




10 excess of 0.10 

Czechoslovakia. . . . 

99.70 

Trace 

|0.110|0.04 

070| ...| 

0.050 


99.70 

Trace 

|0.056|Trace|0 031 I 

0.119 

Yugoslavia. 

99.34 


jo. 11 

0.04 

30 1 

0.080 


Ni, Sn, trace 


Nots: English antimony generally commands a premium over foreign brands, especially the 
Brand of Cookson's, which is recognised as the world's standard antimony. 

A procedure, as adopted by W. BrazenalP for starring the regulus produced, is as 
follows: '^The flux furnace was 4 X 3 ft. It was heated by wood fuel, and kept at a 
low temperature. It was tapped into a large pot and ladled out by small ladles into 
the metal ladles just before pouring. The metal ladles were placed under the taphole 
of thO metal furnace, one on the floor and the other on bars above it, close to the 
spout of the furnace. Then the bar was drawn, allowing the metal to flow into the 
ladles, into which enough flux had been poured to cover two bars. The molds, 

* Chtm. Rmg, Mining Ess., June 6, 1932. 
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10 X 10 X 3 in., were placed in rows adjoining each other, and a gate of iron was 
placed above them with a hole at each end reaching to the center of the molds, so 
that both molds were poured simultaneously. The flux floating on top of the molten 
metal flowed into the mold with the metal, thus completely covering it. This is 
essential for starring the metal, as it excludes the air from it. This method of pouring 
the metal was devised by the writer Brazenall at the works of the Western Metal Co., 
Harbour City, Calif., after a great deal of experimentation, in order to avoid ladling 
from the furnace with iron ladles, as they soon wear out and burn away, the iron then 
going into the metal.” 

Typical analyses of refined antimony supplied by English, Chinese, American, 
French, Czechoslovakian and Yugoslav producers are shown in Table 3. 

Ore Dressing, — Bencficiation of low-grade sulphide ores of antimony by means of 
ore dressing has been tried both experimentally and in practice and has given indica- 
tion that in the future it will form a beneficial adjunct to metallurgical treatment. 

It is undeniable that it is better to free the arsenic, if present in the antimony ore 
in an appreciable quantity, at the very beginning by differential flotation before 
smelting than, to resort to the laborious and expensive methods of treating the final 
metal for its elimination. 

There occur, in many parts of the world, scattered deposits of low-grade ores of 
antimony for which the building of a metallurgical plant is unwarranted. For their 
exploitation, beneficiation of the ores is highly desirable in order that the concentrates 
be profitably shipped to other centers for metallurgical treatment. Sometimes, 
associated with the antimony ores are gold and silver, which, in the same dressing 
operation, are at the same time concentrated. But the general problem of concen- 
trating low-grade oxide ores of antimony is still awaiting solution. 

A few instances of past experiments and current practices are now given, to show 
the trend of the development of the dressing of antimonial ores. 

The Flotation Plant at Djinli Kaya Mine in Turkey. ^ — The flow sheet is as follows: 
From ore bin to ball mill about one of water to two of ore by weight was used. The 
mill discharge passed to the Dorr classifier, and sufficient water was added here to 
make a pulp of 2}4 or 3 of water to 1 of ore. The pulp passed to the larger steady head 
tank where more water was added when required to bring the dilution up to 4 of 
water to 1 of ore, and thence to the fourth cell of a 12-cell flotation machine. The 
reagents used were creosote, naphtha, cresylic acid, xanthate, cyanide, soda ash, 
lime. The use of reagents depended on the type of ore to be treated and the acidity 
or alkalinity of the water available. It was essential that the pulp be slightly alkaline. 
The ore consisted of 10 to 20 per cent Sb and 0.5 to 10 per cent pyrite in a relatively 
soft siliceous ganguc. The mine water used had to be neutralized by the addition 
df soda ash or lime. 

A concentrate carrying 60 to 65 per cent Sb and tailings of 1 to 2 per cent Sb was 
aimed at. Cyanide was used to depress the pyrite. The function of the creosote, oils 
naphtha, and cresylic acid was mainly to coat the small bubbles of the froth to which 
the shining particles of sulphide adhered. Xanthate was most useful in cleaning 
up the tailings. Very little, if any, of this reagent was used before the pulp had 
reached the seventh or eighth cell of the machine, the froth from these celts being 
returned to the machine and refloated. The order of the feed of the reagents was as 
follows: Mixture of creosote and cresylic acid in ratio of 1; 2 at 4 lb. per ton to No, 4 
cell; cyanide at 0.6 lb. per ton to No. 1 cell; lime or soda at 0.6 lb. per ton to overflow 
from classifier. 

Differential Flotation Work at the Wiluna Gold Mine, Wiluna, AustraHa.*— A 

bulk concentrate containing arsenic and iron sulphide together with antimony is 

* Lawbbncs, Mining A Md* 8oe, BvU, Vol. 7, Jviy, 108S-Maroh, 1034, 

* Private oommunieation. 
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floated in a Fagergren machine. The antimony content of the feed to this machine 
varies from 0.2 to 2 per cent. The bulk concentrate contains 4 to 20 per cent, depend- 
ing on the grade of the crude oil. 

Xanthates and lead sulphate with pine oil and cresylic acid are the reagents used 
in this circuit. Alkalinity is controlled by the addition of soda ash. The bulk 
concentrate is then passed to a series of cleaning machines where the pyrite (and 
arsenopyrite) is depressed by the addition of caustic soda and cyanide and other 
reagents. The success of the operation depends on the accurate control of depres- 
sants in the first stage and, subsequcnxly, the control of depressants in the cleaning 
circuit and the points where they are introduced. To produce a 60 per cqnt Sb 
concentrate, 6 to 10 cleaning operations are necessary. I 

Differential flotation of an arseniferous-sulphide ore of antimony, containing gold, 
has been practiced at the Cuciuna mine, Czechoslovakia.^ For the flotation ofu ton 
of 6 per cent Sb ore to concentrates containing 60 per cent Sb, the following reagents 
were required: H2SO4, 8800 g.; xantol, 80 g.; ethyl xantogen, 115 g. To separate the 
associated arsenic, the reagents required were: Na 2 S, 345 g.; Na2C08, 580 g.; sap^ol, 
42 g.; butyl xantogen, 115 g. 

The Yellow Pine Mine, Stibnite, Idaho,* uses flotation to concentrate the gold- 
silver-antimony ore. The heads averaged 1.85 per cent Sb, $4.75 in gold, and about 
oz. of silver per ton. The following reagents were used in the flotation of stibnite: 


Copper sulphate 

Soda ash 

Caustic soda 

Chlorine 

Cresylic acid .... 


Pounds per Ton 

1.21 

0.03 

1.37 

0.82 

0.30 


Flotation resulted in a stibnite concentrate containing 0.77 oz. per ton of gold, 
$10.51 in silver, and 48.60% antimony. 

Dry Concentration. — It is known that wet gravity concentrations of antimony 
ore with jigs and tables give rise to much slime loss. Experiment with dry concentra- 
tion on dry concentrating tables, such as those manufactured by Sutton, Steele & 
Steele, Inc., Dallas, Tex., has shown that it is possible to concentrate a sulphide ore 
of antimony containing 8.56 per cent Sb to concentrates containing 65 to 70 per cent 
Sb and middlings containing 22 to 30 per cent Sb, which together represent 88 per cent 
recovery. The antimony content of the tailings amounts to 0.60 to 1.30 per cent Sb. 
The optimum size for this particular ore was found to be minus 28 to phis 35 mesh. 

It is generally felt that antimony oxide ore does not respond to flotation. The 
Adelaide School of Mines, however, has recently found that it is possible to float 
cervantite at pH 7 after sulphidizing with sodium sulphide*. 

R4Biim4 of Antimony Metallurgy. — The sulphide ore, stibnite, is the only ore of 
practical importance; the oxide ores, valentinite, senarmontite, or cervantite, being 
of minor significance. Beneficiation of low-grade ores by gravity concentration, air 
concentration, and flotation is under way or planned in all the producing regions where 
freight to distant smelting points must be considered or where the ore contains valu- 
able constituents other than antimony. In the case of an ore containing an appreci- 
able amount of arsenopyrite, it is sometimes advisable to use differential flotation to 
get rid of the arsenopyrite, which would otherwise contaminate the product resulting 
from the pyrometallurgical treatment of such ore. Of all the concentration methods, 
. flotation appears to be by far the most satisfactory method and will undoubtedly find 
a place in antimony processing. 

^ Private eominuiiieatioa. 

* V* B. JBur. Minei InfarmoHon Ore, 7194, January, 1942. 



ANTIMONY 


137 


As a rule, conoentration methods for antimony minerals have in the past fi&own 
unsatisfactory percentages of recovery due to dust losses. The relatively high 
frangibility of antimony ores results in heavy dusting, at crushers and screens, and 
the metal content of the dust is unsually high. For example, in dust from ore carrying 
5 to* 6 per cent metal, the metal content collected in dustproof housings and baghouse 
has been found concentrated to 15 to 20 per cent. The amount of dust collectible 
from antimony ore properly trapped may be as high as 10 per cent of the ore treated. 
In plants now under discussioxi, this type of dust will be concentrated by delivering it 
to the flotation cell along with the finer ore screenings. Dustproof housings installed 
with air concentrating tables are expected^ to extend the use of dry concentration 
(air flotation) in many low-grade antimony districts. 

As to hydrometallurgical or electrolytic methods of extracting antimony, they are 
uneconomical and only under exceptionally high prices and special circumstances 
may their adoption be recommended. 

It is to be emphasized that, whatever smelting method is followed, an antimony 
plant must have a particularly good flue and condensing system. We know that with 
ordinary settling devices, such as flues with reduction or expansion of cross sections, 
Freudenberg plates or Roesing wires, only dusts larger than 10 microns (10“« cm.) 
can be deposited ; hence antimony fumes, whose particles range from 0.3 to 1.0 micron, 
and settle very slowly even in still air, cannot be effectively deposited. The usual 
cyclone dust catcher acts very ineffectively with antimony fumes; even the best 
cyclone, the so-called multiclone,* cannot settle particles smaller than 5 microns. 
Filtration of antimony fumea by means of bag filters, woolen or cotton, has been more 
or less adopted in many antimony works. 

The Cottrell process of electrical precipitation has been adopted in a few antimony 
works and has proved its worth as a secondary cleaner for the oxide fumes. 

The scrubbing or washing of antimony fumes, involving, as it does, the intimate 
mingling of the fumes by means of sprays or jets of water, is not thoroughly effective 
in precipitating the oxide. However, the Peabody process,* as recently developed 
in England, is a distinct improvement on the old-time scrubber and is a device that 
may be applicable to the condensation of antimony fumes. 

For different grades of ore, the following methods are generally adopted: 

1. For sulphide ore containing about 20 per cent Sb, the volatilization method. 

2. For sulphide ore containing about 35 per cent Sb, the blast-furnace method. 

3. For sulphide ore containing about 50 per cent Sb, the liquation method and the 
English precipitation method, 

4. For oxide ore containing about 30 per cent Sb, the blast-furnace method, 

6. For oxide ore containing about 50 per cent Sb, the direct reduction method. 

6. For mixture of sulphide and oxide ore, the blast-furnace method. 

It is to be noted that dead roasting of sulphide ore to the stable tetroxide, as a 
process for the treatment of rich ore, has become obsolete. 

Production Economics.— The average yearly world production of antimony, 
including crude and oxide in Sb content, during the period from 1908 to 1938 was 
about 27,700 metric tons (China 62 per cent, Mexico and Bolivia, each about 11 per 
cent, totaling about 84 per cent of the world production, leaving about 16 per cent 
supplied by the United States, Algeria, France, Czechoslovakia, Italy, Yugorfavia, 
Peru and Argentina, with insignificant outputs from other countries). 


' Allen H. Smith, patent pending, ^ ^ ^ » 

» For an analyei« of mechanical methods of ^ust collection see Lissman, Chm» d Mtt, October, 

lOSO, pp. 680-034. 

• a. a. Removal of 8u*pended Matter from InduetriM Ga».. Tht I ntiiMt efFiul. I^don. 

April, 1088. 
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Increased demand, war bom, for strategic metals has been coincident with global 
shifting in sources of raw material. In no commodity has the supply picture shifted 
more extensively than for antimony. In comparison to the normal movement of 
65 to 70 per cent of world supply from China and 30 to 35 per cent from other sources 
in the 8 years prior to the Smo-Japanese War, the years of 1942 and 1943 draw 
approximately 49 per cent of world production of new metal from Mexico, 36 per cent 
from Bolivia and Peru, 14 per cent from the United States, and 2 per cent from various 
other regions. This is a forced draft on these last-named world areas, and it is believed 
probable that postwar economics will turn the searchlight back to the preponderant 
Chinese supply. Though actual Chinese export to the United Nations has dwindled 
to almost nothing, production in the Asiatic fields has continued in varying d^rees 
as a matter of national economy and human livelihood, and Chinese stock pnes of 
antimony — ore and metal, exact quantities unknown — are accumulating as a cul^hion 
for such postwar raw-material exhaustion as may develop. 

Return of commodity normalcy, postwar, is expected to register, in the antin^ony 
industry: (1) 25 per cent shrinkage, by and large, of current world demand; (2) in^il- 
ity of Western Hemisphere areas, recently prolific, to maintain preponderance of 
supply; (3) reversion to Asiatic supply area. 

Under normal conditions the relatively high cost of production in the United 
States from labor and deposit angles prevents successful competition with Chinese 
metal. The antimony-producing countries of the world may be divided into three 
groups: 

1. Principal potential production, in order of importance: China, Mexico, Bolivia. 

2. Irregular in normal times but with potential reserves available at higher price 
levels: The United States, Yugoslavia, Peru, Czechoslovakia, Algeria, Italy, Australia, 
French and Spanish Morocco, Canada, Turkey (Asia Minor). 

3. Production small, known reserves probably less important: H\ingary, Russia, 
Argentina, Portugal, Burma, Indo-China, British India, Japan, Southern Rhodesia, 
South Africa, Borneo, Greece. 
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BISMUTH 

By Walteb C. Smith^ 

History. — The metal bismuth has been known since the Middle Ages. Agricola 
refers to it as a form of lead and describes a method of separation from its associated 
minerals by liquation. The impure bismuth of the early writers was often confused 
with antimony, tin, and zinc. During the eighteenth century, bismuth was identified 
as a metallic element. 

Occurrence and Properties. — Bismuth is rather widely distributed, but is not an 
abundant metal. It occurs as native metal, oxide, carbonate, sulphide, and as a 
constituent of many complex minerals. The supply of bismuth is derived from two 
principal sources: (1) bismuth ores mined and treated for their bismuth content; 
(2) ores mined and treated primarily for other metals in which bismuth is a minor 
constituent and from which it is recovered as a by-product. 

Bismuth is a coarsely crystalline brittle metal, tin white in color, but with a dis- 
tinct reddish tinge and a high luster. It has the atomic number 83 and an atomic 
weight of 209. Bismuth crystals are trigonal or rhombohedral. Bismuth crystallizes 
in a rhombohedral face-centered or deformed simple cubic lattice; the lattice constant 
a “ 4.726 angstrom units. The unit rhomb contains 8 atoms.® 

The density of bismuth is 9.80 g. per cc. at 20°0. and 10.067 at the melting point. 
The density of molten bismuth decreases regularly as the temperature rises, from 
10.062 g, per cc, at 275®C. to 9.61 1 at 650°C. Expansion of the metal during solidifi- 
cation amounts to 3.32 per cent of its solid volume at the melting point. The com- 
pressibility is 2.8 X lO""®, between 100 and 500 megabars, when the compressibility 
is defined as the average fractional change of volume caused by 1 megabar pressure. 
The hardness of commercial bismuth is 7.3 on the Brinell scale, using a 6.35-mm, 
ball and a 40.3-kg. load at 20‘’C., and 2+00 the Mohs scale. ^ 

The melting point of pure bismuth is 27rC. The mean specific heat for the metal 
up to the melting point is 0.0319 cal. per g., the latent heat of fusion is 14.1 cal. per g. 
The vapor pressure is 10"® mm. of mercury at 540*^0., 1 mm. at 840®C., and 100 mm. at 
1200®C. The boiling point at atmospheric pressure is between 1440 and 1600®C. 
The heat of vaporization is 42,700 cal. per gram molecule. The thermal conductivity 
varies from 0.018 cal. /(sec.) (cc. per ®C.) at lOO^C, to 0.037 at 400*^0. and higher. The 
thermal conductivity of solid bismuth is less than that of any other metallic element 
except mercury. The mean coefficient of expansion, from 0 to 100®C., is 0.000(X173l. 
The viscosity of bismuth is of the same order of magnitude as for cadmium, tin, and 
lead. The coefficient of viscosity at 23.7°C. is 13.71 X W poises (dynes per cm.*). 
Tim surface tension of bismuth is lower than that of tin, cadmium, lead, or antimony. 
It varies from 376 dynes per cm. at 3(X)°C, to 343.9 dynes at 779®C. 

In the electrochemical series, bismuth lies just below hydrogen, together with 
arsenic, antimony, and copper. From this position, bismuth is positive to such metals 
as lead and tin. It is less subject to oxidation than lead or tin and more resistant to 
corrosion under oxidizing conditions. The hydrogen overvoltage at a bismuth surface 

* Metftllurgiet, Cerro de Fasco Copper Corp., New York. 

» Bur. BUindardi Cirt. 382. April, 1880. 
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in 2N HsS 04 at 25®C. is 0.388 volt, somewhat greater than the corresponding value 
for antimony. Bismuth electrodes show a tendency to passivity in both alkaline and 
acid electrolytes, and the metal is amphoteric in that it dissolves electrochemically at 
both anode and cathode. 

The specific resistance of solid bismuth is 106.5 microhm-cm. at 0°C., as compared 
with 1.683 for copper. The mean temperature coefficient of resistance from 0,to 
100®C. is 0.00446. Electrical resistance of the solid metal increases with pressure 
and decreases with tension. At the melting point the specific resistance of solid bis- 
muth is 267 microhm-cm. and of liquid bismuth, 127. Bismuth and antimony are 
the only two metals whose resistance is greater in the solid than in the liquid state. 

Bismuth possesses an unusual thermal e.m.f., about 80 /nv per ®C. againstjsilver. 
By coupling pure bismuth with a bismuth alloy containing 5 to 6 per cent iin, an 
e.m.f. of about 120 fiV per ®C. can be obtained. A Thomson effect of 676 fxv per ®C. 
for an alloy of bismuth with 1 per cent tin, against copper, has been observed. \ The 
low melting point and the difficulty of preparing and maintaining wires of suitable 
size, owing to brittleness and lack of ductility, interfere with the thermoelectria use 
for bismuth. ' 

Bismuth is the most diamagnetic of all metals, but the susceptibDity decreases 
with rising temperature. An alloy of Cu-Mn-Bi is distinctly magnetic, although all 
the components are diamagnetic. 

The thermal conductivity decreases in a magnetic field. The electrical resistance 
of bismuth increases when the metal is subjected to the action of a magnetic field. 

The absorptive powders of bismuth for X rays have been measured and are similar 
to those of lead. 

Chemical Properties. — Bismuth is not affected by air at ordinary temperature; 
heated in contact with air, it becomes coated with a grayish-black oxide at tempera- 
tures just below the melting point; at higher temperatures a yellow or green oxide 
(BijOs) is formed. Bismuth burns with a bluish fiame at a bright-red heat, forming 
BizOa. Water does not affect bismuth at ordinary temperatures; at white heat, 
water vapor is slowly decomposed by it. 

Bismuth combines directly with chlorine, bromine, and iodine. It is not attacked 
by dilute sulphuric, dilute hydrochloric, or cold concentrated sulphuric acids; hot 
concentrated hydrochloric acid attacks bismuth slowly. It dissolves in hot concen- 
trated sulphuric acid and is readily soluble in nitric acid or aqua regia, either hot or 
cold. Molten bismuth combines directly with sulphur to form bismuth sulphide, 
BiaSa. Bismuth is precipitated from solution as metal by zinc, manganese, iron, 
nickel, cadmium, copper, tin, and lead. It is precipitated from solution as the sulphide 
by hydrogen sulphide and all the soluble sulphides. Basic salts of bbmuth are 
precipitated from solutions of the sulphate, nitrate, and chloride of bismuth upon 
heavy dilution with water. _ 

Extraction of Bismuth. — Both fire and wet methods, or a combination of both, 
are used for the extraction of bismuth from ores and metallurgical products. The 
greater portion of the production is obtained by fire methods. Bismuth produced 
by either method is generally too impure for use and must be refined. 

Extraction by Liquation. — One of the earliest methods to be employed for the 
recovery of bismuth was liquation. This process was formerly used in Saxony. The 
liquation was carried out in inclined cast-iron pipes, heated with a wood or coal fire. 
The ore containing metallic bismuth was introduced into the pipes and the readily 
fusible bismuth melted and flowed out oi the lower ends of the pipes, leaving the gangue 
of the ore as a residue in the pipes. This residue still contained considerable bismuth, 
and was drawn from the pipes, smelted to a bismuthic speiss, and then re-treated in the 
liquation furnace. One form of furnace carried 11 cast-iron pipes, each 4 ft. long. 
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10 to 12 in. high, and 6 to 8 in. wide; each pipe received a charge of about 33 lb. of 
ore; 15 to 20 min. were required for the liquation, and the furnace consumed approxi- 
mately 690 cu. ft. of firewood per 24 hr. 

Extraction by Fusion. — The fusion of raw or roasted bismuth ores, with carbon for 
reduction and the proper fluxes to yield a fusible slag, has superseded the liquation 
process. The fusion is carried out in either crucibles or small reverberatory furnaces. 
Metallic iron is added to the charge to decompose any bismuth sulphide in the melt. 
Lime, soda ash. salt cake, fluorspar, and feldspar are some of the fluxes used to give a 
fusible slag. The products of the fusion are metallic bismuth, matte, or speiss and 
slag. The melt is usually cast into molds and the three products separated after 
solidification. The matte or speiss retains some bismuth and is crushed, roasted, and 
resmelted. Crucibles made of fire clay and furnace hearths made of firebrick give the 
best results. The furnace hearth should be removable to permit rapid repairs. 

Wet Extraction of Bismuth. — When bismuth is present in ores and metallurgical 
products as oxide or carbonate, hydrochloric acid is employed to dissolve the bismuth. 
Metallic bismuth and alloys are treated with nitric acid, aqua regia, or hot concen- 
trated sulphuric acid. A method employed for the extraction of bismuth is as follows : 
Finely crushed bismuth litharge, cupel bottoms, and other oxidized material contain- 
ing 6 to 20 per cent bismuth, are treated in stoneware or other suitable vessels with 
hydrochloric acid. The proportions are 140 to 155 lb. of hydrochloric acid and 22 lb. 
of water for each 100 lb. of material treated. The mixture is heated gently and stirred 
for 5 to 6 hr. ; water is carefully added until the white bismuth oxychloride just begins 
to form ; it is allowed to settle for 6 to 8 hr,, and the clear solution is then siphoned into 
wooden tanks. Water is added to this solution in order to complete the precipitation 
of the bismuth oxychloride, and the mixture is allowed to settle. The clear liquor is 
siphoned off and is treated with scrap iron to precipitate any copper carried by the 
solution. The bismuth oxychloride is washed with hot water to remove as much lead 
chloride as possible, then dissolved in hydrochloric acid and reprecipitated by dilution 
with water. It is then filtered, dried, and smelted with lime and charcoal to metallic 
bismuth. The bismuth produced by this method usually contains small amounts 
of lead, silver, and other impurities. The leach residue, containing lead, silver, and 
other metals, is washed, filtered, dried, and mixed with lime or soda ash and carbon, 
reduced to metal, and reworked in the cupel furnace for the recovery of the silver 
and other values. 

Electrolytic Refining.— Bismuth can be refined electrolytically. Both the chloride 
and the fluosilicate electrolytes have been used. The more economical fire-refining 
methods have largely replaced electrolytic refining. 

Separation of Bismuth from Lead Bullion.— Substantially all the bismuth produc- 
tion of the Western Hemisphere is derived from flue dusts from copper-smelting 
operations or from lead ores. The bismuth-bearing dusts are generally treated at 
lead-smelting plants, in which case the bismuth is collected in the lead bullion. 

Bismuth can be separated from lead bullion by the following methods: 

1. Electrolytic refining of the lead bullion (Betts process) 

2. Betterton-Kroll process, 

3. Crystallization (Pattinson or Hall processes), 

4. Electrolytic production of white lead (Sperry process). j c j 

In the electrolytic refining process, the lead bullion is cast as anodes and refined 

to very pure lead cathodes and an anode residue or slime from which the bismuth is 

Th^me is melted and arsenic, antimony, and more or less of the lead are remov^ 
by selective oxidation, leaving a metal containing gold, sflvw, coppw, 
tellurium, and some lead. This metal is treated by further oxidation to yield dorfi 
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and a bismuth-copper-lead-tellnrium slag. The slag is reduced with carbon to a 
crude bismuth metal. If present in excess, copper and tellurium can be collected in 
a matte by the addition of sulphur to the melt. Salt cake and carbon, galena, or 
pyrite are sometimes used in place of sulphur. It the crude bismuth contains large 
amounts of tellurium, it is removed by successive treatments with molten caustic 
soda. The crude bismuth is then drossed by cooling and skimming for the further 
elimination of copper and tellurium. Silver, gold, and residual copper and tellurium 
are eliminated by sinking and skimming. The desilverized bismuth is refined with 
chlorine gas. When the lead has been eliminated, the residual chlorine is removed 
from the metal with air and the bismuth is given several treatments with molten 
caustic soda before casting. The refined metal should assay 99.995 per cent bismuth. 
All drosses and skims from the refining operations are re-treated for reco^ry of 
valuable metals. 

In the Betterton-Kroll process the lead bullion is softened and desilverized by 
standard Parkes process methods. The desilverized lead is treated with metallic 
calcium or calcium and magnesium, cooled, and the calcium-bismuth dross removed. 
The residual calcium and magnesium in the lead are removed with chlorine or molten 
chlorides before casting as refined lead. The calcium-bismuth skims are treated 
with chlorine or molten chlorides for removal of calcium and magnesium. The crude 
bismuth is refined as outlined above. 

Crystallization, by the Pattinson or Hall process, is not used today, except to 
supplement the chlorine refining of crude bismuth or in re-treating some of the products 
from dross and skims. 

The Sperry process for production of white lead employs anodes of lead bullion, 
producing an anode slime which is treated for the recovery of silver, gold, and bismuth, 
as in the electrolytic refining of lead. 

Current Production. — The current production of bismuth in the Western Hemi- 
sphere is estimated to be between 2,500,000 and 3,000,000 lb. per year. The principal 
producers are: the American Smelting & Refining Co., the Cerro de Pasco Copper 
Corp., the Consolidated Mining & Smelting Co. of Canada, Ltd., the International 
Smelting & Refining Co., the U. S. Smelting, Refining & Mining Co. The New 
York quotation for refined bismuth has been $1.25 per pound since October, 1939. 

Uses. — The principal use of bismuth for many years was in the production of 
pharmaceutical compounds. During the last ten years, however, the industrial and 
engineering uses of bismuth and its low-melting alloys have expanded rapidly. The 
addition of small amounts of bismuth and lead to some of the strong aluminum alloys 
is used to render the alloys free cutting. The addition of fractional percentages of 
bismuth to the so-called stainless steels and to the manganese steels improves the 
machinability of these steels. 

Bismuth is a constituent of a number of eutectic alloys^ some of which are; 


Melting temperature | 

1 Composition 

®F. 

"C. 

Bi 

Pb 

Sn 

Cd 


116.6 

46.8 

44.70 

22.60 

8.30 

5.30 

In 19.10 

158.0 

70.0 

49.41 

27.67 

12.88 

10.02 


196.7 

91.5 

51.65 

40.20 


8.15 


203.0 

95.0 

52.00 

32.00 

16.00 



216.6 

102.5 

53.90 

25.90 


20.20 


265.7 

124.3 

55.50 

44.50 




266.0 

130.0 

56.00 


40.00 


Tax 4.00 

281.3 

138.5 

57.00 


43.00 



291.0 

144.0 

60.00 




40.00 









BISMUTH 


143 


The eutectic alloys are not satisfactory for many applications, because of their 
very narrow freezing ranges. Many alloys having wide freezing ranges have been 
developed. Some of the fusible alloys expand during solidification, some shrink, while 
others grow rapidly in the solid state after solidification. One alloy composed of 
bismuth, lead, tin, and cadmium shrinks during solidification; further shrinkage 
occurs on cooling from solidification temperature to room temperature, when it 
begins to grow. The growth is very rapid for about 10 to 12 hr. Approximately 
95 per cent of the total growth occurs in the first 12 hr., and this growth almost 
exactly compensates for the shrinkages that occur during solidification and cooling 
of the alloy. The alloys that grow in the solid state are in general harder in the aged 
condition than when first cast. 

Bismuth alloys are employed in: 

Safety plugs for compressed-gas cylinders and tanks. 

Fusible elements in automatic sprinkler heads, fire-door release links, automatiu 
shutroffs for electric and gas water-heater systems. 

Constant-temperature baths for autoclaves. 

Liquid seals for bright-annealing and nitriding furnaces. 

Low-melting solders. 

Forming dies in aircraft construction. 

Spotting, erection, and checking fixtures for aircraft construction. 

Bending thin-wall tubing and molding. 

Production of accurate patterns. 

Cores on which copper, iron, and other metals are electroformed. 

Anchoring dies, punches, machine parts, magnets, and ceramic parts. 

Chucks for holding irregular or delicate articles during machining operations. 

Spray coating for wood patterns, core boxes, etc. 

Models for engraving machines. 

Proof casting of forging dies, plastic molds, and other irregular cavities. 

Selenium rectifiers. 
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LEAD 

By R. G. Bowman^ 

Nature and Uses. — ^I.ead is the heaviest and softest of all the common met 
It has a specific gravity of 10.37 to 10.65 (molten); 11.35 to 11.37 (solid); it is, in ijb 
pure metallic state, so soft as to be readily scratched by the fingernail, while it easi^ 
marks paper with a gray streak. Only the pure metal exhibits this degree of softne 
many commercial grades containing small amounts of antimony, arsenic, copper, and 
zinc being distinctly harder. The degree of hardness increases with the amount olfi 
impurity present. The metal has a dull bluish-gray color, is malleable but not ductile. \ 
Its tensile strength is low, 2600 to 3300 lb. per sq. in. ; its elastic limit is 0.5 lb. The 
tensile strength is about two and one-half times the tenacity. Lead is not sufficiently 
ductile to be drawn into fine wire. 

Lead melts at 327.4°0., boils at about 1525°C. (at 760 mm.), but does not readily 
distill. If, however, a mixture of zinc and lead is subjected to distillation at a high 
temperature, the zinc vapor carries over with it a con.siderable quantity of lead vapor; 
and hence the source of part of the losses in lead smelting. Lead is somewhat volatile 
when heated to a cherry red with access of air. 

Commercial Grades oj Lead , — The commercial grades of refined lead as established 
by the A.S.T.M. are shown in Table 1. 

Uses of Lead,— Lead is used (1) in the form of refined metal, (2) as a base for 
alloys with other metals, (3) in the form of chemical compounds. 

The proportion of lead consumed in various applications is shown in Table 2. 

In smelting, lead is used as a collector for other metals, particularly for gold and 
silver, from which it is later separated, generally by use of zinc in the Parkes process 
of desilverization. 

Lead alloys readily with most of the nonferrous metals and forms the base for a 
large number of important industrial alloys. The principal types of lead-base alloys 
are: type metal, bearing or babbitt metal, shot, solders, casting metals, leaded brasses, 
and fusible alloys used for the protection of electrical apparatus, in automatic sprink- 
lers, etc. From 0.1 to 0.2 per cent arsenic is added to lead used in making shot to 
increase the hardness and sphericity of the product. Antimony imparts the quality 
of hardness essential to some ammunition and the property of expansion on solidifica- 
tion essential in type metal and casting metals generally. Bearing metals comprise 
alloys of lead and antimony, or these together with copper, tin, and zinc. The addi- 
tion of lead to brass produces an alloy that is soft and machines easily. Solder is 
commonly an alloy of lead and tin; the melting point varies with the proportion of 
these constituents and others, sometimes added for special purposes. Commercial 
solder ranges in composition from 3 to 60 per cent tin, the remainder being lead. 
Hie alloy of 1 part tin and 3 parts lead melts at 452®F., tin alone melting at 442®F. 
With increase of tin content to 56 per cent the fusion point is lowered to 345®F., then 
rises to 362®F., with further increase to 75 per cent tin. In practice, therefore, solder 

> Osneral BUperintendent, International Smelting k Refining Co., East Chicago, Ind. 

In the prqMiration of this chapter the former chapter by Mr. Q. C. Riddell was drawn upon freely. 
FigureB 3, 4, 44-60, and 66 are from Vol. 121, franc. by permiaiion. 
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seldom contains more than 60 per cent tin. The addition of bismuth, cadmium, or 
mercury lowers the melting point below the boiling point of water. The low-fusion- 
point alloys of this type have many commercial uses. 

The most extensive single application of a lead-casting alloy is in the manufacture 
of storage-battery grids which are made of an alloy of 6 per cent antimony and 94 per 
cent lead. 

Type metal has a wide range of composition, e.g.^ 50 to 80 per cent lead, 2 to 35 per 
cent tin, and 5 to 30 per cent antimony. Some also contain nickel, copper, and 
bismuth. 


Table 1. — Standard Specifications fob Pig Lbad‘ 

Tentative specifications for pig lead published since 1919, and last revised in 
1940 by the American Society for Testing Materials (A.S.T.M. Designation B 29-40) 
cover refined lead in pig form made from ore or other material by processes of reduc- 
tion and refining, and exclude lead reclaimed by simple melting, dressing, and cast- 
ing. The requirements as to chemical composition are as follows, in percentages: 




Cor- 

roding 

Chem- 

ical 

Acid 

lead 

Copper 

lead 

Common desil- 
verized lead 

Soft 

unde- 

silver- 



lead 

lead 

A 

B 

ized 

lead 

Silver, max 

0.0015 

0.020 

0.002 

0.020 

0.002 

0.002 

0.002 

Silver, min 

0.002 

Ckipper, max 

0.0015 

0.080 

0.080 

0.080 

0.0025 

0.0025 

0.04 

Cfinnftr. min 

0.040 

0.040 

0.040 

Silver and copper 

irether. mux 

to- 

0,0025 




ArsAnin. max 

0.0015 







Antimony and tin 
gether, max 

to- 

0.0095 







Arsenic, antimony, 
tin together, max , 
Zitin. max 

and 

0.002 

0.002 

0.015 

0.015 

0.015 

0.015 


0.0015 

0.001 

0.001 

0.002 

0.002 

0.002 

0.002 

Iron, max 

0.002 

0.002 

0.002 

0.002 

0.002 

0.002 

0.002 

Rismtith. max 

0.05 

0.005 

0.025 

0.10 

0.15 

0,25 

0.005 

Lead (by difference), 

min. 

99.94 

99.90 

99.90 

99.85 

99.85 

99.73 

99.93 


* American Bure«u of Metal Statletica, 1941, 

Corroding lead is a designation that has been used for many years in the trade to describe lead which 
has been refined to a high degree of purity. 

Chemical lead has been used for many years in the trade to describe the undesilverised lead produced 
from Southeastern Missouri ores. 

Acid lead is made by adding copper to fully refined lead. 

Copper lead is made by adding copper to fully refined lead. 

Common desilveriaed leads A and B are designations that are used to describe fully refined desilver- 
ised lead. 

Soft undesilverised lead is used in the trade to describe the type of lead produced from ores of the 
JopUn, Mo., district. 

One of the most valuable properties of lead is its resistance to corrosion, thoii^h 
its physical weakness is a disadvantage in many mechanical operations. ^ The addition 
of oomparatively small amounts of some other metals greatly increases its mechanical 
strength without impairing its corrosion resistance and other valuable chara<cteri6tios. 
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Commercial grades of lead containing such additions are not usually classed as aUoySi 
owing to the small amount of metal other than lead. 

The most important commercial grade of this type is that containing 0.04 to 
0.06 per cent copper, which is widely used for protective sheathing on electric cables 
and for chemical-plant equipment. Other important grades are tellurium lead, con- 
taining about 0.05 per cent tellurium, and calcium lead, containing 0.02 to 0.05 per 
cent calcium. 

The addition to steel of up to 0.50 per cent lead produces an important increase in 
machinability. 

Alloys of Lead , — The compositions of some of the leading industrial alloys of lead 
are given in Table 3. 

The largest use of lead in the form of a chemical compound is in the field of pig- 
ments. The most important of these is white lead, a basic carbonate, 2PbCOs- 
Pb(OH) 2 , used alone or as a base for mixed paint. Red lead, Pb 804 , is used as a 
rust-inhibitive priming coat for iron or steel. Lead basic sulphate, known as sub- 
limed white lead, and lead chromate are also important lead pigments. 

Litharge, PbO, is used in large amounts in the manufacture of storage batteries, 
in rubber compounding, and in the manufacture of glass and ceramic glazes. Lead 
borate is used in ceramics; lead arsenate is an insecticide; and lead acetate and other 
compounds are used in medicine. 

History . — ^Lead is one of the six so-called prehistoric metals. The oldest people of 
whom there is any record, the Egyptians, used lead in glazing pottery, and the 
abundance of silver among the ancients must have been derived from argentiferous 
lead ores in various places. Among the Egyptians, gold, silver, and lead came into 
use, together, in the period 7000 to 5000 b.c. One of the oldest pieces of lead in 
existence is a figure in the British Museum which antedates 3800 b.c. Lead was known 
and used by the Chinese before 3000 b.c. The Phoenicians worked the Rio Tinto 
deposit about 2000 B.c. The mines at Laurium, Greece, reopened by a French 
company in 1863, flourished in the fifth century b.c. In the third century b.c. the 
Romans operated the lead mines in Spain, the same deposits that today form one of 
the major districts of the world. 

About the period a.d. 700 to 1000, the German lead-silver mines in the vicinity 
of the Rhine and the Hartz Mountains were opened, and in a.d. 1200 those in Saxony, 
Silesia, and Bohemia. Lead mining in the United States, now the leading producing 
country of the world, dates back to the beginnning of the seventeenth century (1621) 
when lead was mined and smelted in Virginia. The lead ores of the United States 
came from the Mississippi Valley between 1700 and 1867, in which latter year the 
first great mines of the West were opened. The Mississippi Valley ores are non- 
argentiferous, t.c., they do not contain enough silver to pay for its extraction. The 
ores of the Western states are argentiferous and in most instances are quite complex 
in composition. 

The manner in which prehistoric people extracted lead from ore is unknown, but 
it is readily imagined that primitive furnaces, small pits dug in the ground or in the 
hillsides, enclosed by stones to form a small shaft, provided early equipment for the 
recovery of lead from oxide and sulphide ores heated with charcoal. Blast, to produce 
the temperature required for forming slag, must have been applied by reed and bellows. 
The furnaces found in Sinai in which copper ores were smelted about 4000 B.c. had 
this form: a cavity 30 in. deep, a side wall 26 in. high, and with two tuyere openings; 
the furnaces at Laurium were similar. At Bawdwin, Burma, the remains of the 
ancient lead-silver smelting and refining furnaces show this same crude Scotch-hearth 
effect. These Burma furnaces have no iron work of any kind in or around them. 
They are simply an excavation in the side of the hill, semicircular in horizontal cross* 
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section ; the radius at the top is 2 ft«, tapering to about 9 m. at the sump. The depth 
from the top edge of the furnace to the bottom of the sump is between 5 and 6 in. 
Back of the clay lining of the sides are three 3-in. square air passages extending from 
the top edge to the level of top of sump. The operation of these primitive furnaces 
was undoubtedly similar to that followed in the modern Scotch hearth. Similar 
contrivances, the log furnace and the ash furnace, were used in smelting ores in the 

Table 3.*— -Lead-base Alloys 


Name 

Pb 

Sb 

Sn 

Type metal: 




Best 

50 

25 

25 

German 

75 

23 

2 


70 

18 

10 

Common 

60 

30 

10 

French 

55 

30 

15 

Linotype (American) 

85 

12 

3 

Bullets (shrapnel) 

94 

6 


Engraving plate 

Pewter: 

60 

40 


Usual 

20 

80 


French 

Bearing metal: 

18 

82 


Atlantic Coast Line 

85 

15 


Pennsylvania R.R 

Baltimore & Ohio R.R 

87 

13 


Thin linings 

94-96 

3-5 

0.5-1.! 

Thick linings 

86 

10-12 

3-5 

Chicago & Eastern R.R 

84-85 

12-14 

2 

Chesapeake & Ohio R,R 

91.5 

7 

1.5 

Magnolia metal 

Solder: 

79.75 

15 

5 

No. 1, tinman’s 

34 


66 

No. 2, half and half 

No. 3, plumbers^ 

50 


50 

66 


34 

Cable sheathing® 

/98.0 

199.2 


2.0 

0.8 

Prary metal (Ulco) 

White metal, or antifriction bearings: 

97+ 



Heavy load 

87 

7 

6 

Jacoby metal 

85 

10 

5 

Jacoby metal 

62 

10 

27 

French R.E. (Cie. de TEst) 

80 

8 

12 

French R.R. (P.-L.-M. R.R.) 

70 

10 

20 

^ip shaft bearing 

72 

7 

21 

Shot.. 

99.5-99.8 



Teme metal 

80.25 

1.75 

18 


Cu,2 


Bi, 0.25 


fCal 

|Ba2 


Afl,0.2-0.5 


« Special leada used for cable sheathing contain Cu, Sb, or Ca in amounts leas than 0.10 per cent and 
are not ordinarily olaaeed as alloys. The most important one of these oontains 90.85 per cent Pb 
and 0.06 per cent Cu. 
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Misaissippi Valley about 1720* In 1836 the first Scotch hearth was erected in this 
country. This furnace had been in operation in England since 1730. 

Chemical Properties*— Lead is tetravelent; its atomic weight is 207. It tarnishes 
rapidly in moist atmosphere, although its surface undergoes no change in perfectly 
dry air, or in water that is free from air. If molted in contact with air, it oxidises, 
with a coating of iridescent pellicles of suhoxide which, at dull red heat, are converted 
into PbO. If the heating is continued at a temperature of 400 to 430®C., the PbO 
gradually changes to red oxide (PbsO^), which dissociates into 3PbO and 0 at 550®C. 
The other oxides that lead forms are the sesquioxide, Pb 208 , and the peroxide, PbOa. 
All oxides with more 0 than PbO are decomposed into PbO and 0 at 630®C. 

The best solvent of lead is nitric acid, the very dilute acid acting more rapidly 
than the strong. Dilute hydrochloric and sulphuric acid have little effect on lead, 
these acids forming coatings of PbCl 2 and PbSO^ which protect it further from action. 
Up to 200®C. — the highest temperature employed under normal conditions in acid 
concentrating practice — pure lead is but little attacked by strong HCl or by the pure 
or nitrous sulphuric acid, but above 200 ® the action becomes stronger, and at 260®C. 
lead is completely dissolved. Boiling concentrated HCl and H 2 SO 4 attack the metal 
slowly, even in large masses, and dissolve it with fair rapidity if it is in a finely divided 
condition. Nitrous sulphuric acid acts upon lead at all temperatures more readily 
than does the pure acid. Acetic, citric, tartaric, and other organic acids act upon it 
slowly in contact with moist air. It is attacked by SO 2 between 550 and 850®C., and 
is also acted upon by HF, but the dissolution in hydroBuoric acid is quickly checked 
by the formation of PbF 2 ; hence the acid can be stored in lead vessels. 

The compounds of lead are poisonous practically in proportion to their solubility; 
the metal itself and its sulphide, being incapable of absorption as such into the system, 
are almost innocuous, while the soluble salts, chloride, nitrate, acetate, etc., are active 
irritant poisons. The oxide, sulphate, and carbonate are less active, but continued 
exposure to lead fume, or to any atmosphere in which these substances are present in 
the form of dust, is dangerous and will result in lead absorption or ^‘plumbism.” 
This condition is entirely curable and can be entirely prevented by adequate ventilar- 
tion of working places, the use of respirators, protective clothing, and personal 
cleanliness. By reason of such measures and careful medical inspection, modem 
lead industries offer no greater hazards to the worker than do most other industrial 
fields. 

Lead Compounds. — ^The more important compounds of lead and the chemical 
reactions that are of importance in the extraction of the metal are as follows: 

Lead Oxide, P50.— This is the oxide of greatest metallurgical importance. It 
occurs in two forms — massicot and litharge. Massicot is an amorphous yellow 
powder produced by heating lead on flat hearths at a full red heat, continually remov- 
ing the film of suboxide, and oxidizing it to the yellow oxide at a low tem^rature, 
avoiding fusion. On raising the temperature to a bright red heat, this oxide melt^ 
and, on cooling, solidifies as crystalline litharge. Litharge is obtained on a com- 
mercial scale by cupeling refined lead and collecting the oxide as a skimming or a fume. 
The melting point of litharge is 883®C. ; it is volatile in air below 900®C. It is a good 
conductor of electricity when molten. 

Toward acid furnace materials, Utharge is a strong base, quickly corroding them 
by forming lead sUicates. It is an excellent flux, forming fusible compounds with 
oxides that are infusible alone, such as CaO, BaO, MgO, and AlaO*. These baa^ 
do not always enter into chemical combinations with PbO, but^ are ^simpl^ h^d ih 
fused solutions by an excess of Utharge. In the case of the metallic oxide CuO, 1 part 
of CuO forms a fusible mixture with 1.8 part of PbO. No chemical compound bceh^ 
but there is a eutectic with 32 per cent CuO freezing at 6g9®C* This expl^dng th^ 
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fftct that, in cnpeling, coppery litharge flows more readily than litharge free from 
copper. Litharge readily gives up its oxygen. Sulphur, tellurium, arsenic, anti* 
mony, tin, copper, zinc, and iron are wholly or partly oxidized when melted with 
litharge, the oxides being either volatilized or slagged by the surplus of litharge. 

Reduction of PbO by carbon begins at 400 to 500® and is vigorous at 700*C. 
Reduction by carbon monoxide begins at 160®, by hydrogen at 235®C. Heated to 
bright redness with lead sulphide, in the proportion of two molecules of litharge to 
one of sulphide, all the lead in both compounds is reduced to metal, and sulphur 
dioxide is evolved, according to the equation 


PbS + 2PbO « 3Pb + SO 2 - 52,540 cal. 

Minium or Red Leadj Pb 304 . — This is a combination of 2PbO and PbOj, a ijright 
red powder prepared by heating a mixture of PbOs and PbO at about 250®C 


2PbO 4- PbOa « Pb,04 


Lead Peroxide^ PbOa. — This is a powerful oxidizing agent, detonating with phos- 
phorus. It is used in the manufacture of matches and in storage batteries, in which 
latter it is repeatedly destroyed and reformed during the operation of discharging 
and recharging. 

Lead Carbonate ^ PbCOj, and White Lead^ 2PbC08.Pb(0H)2. — ^Lead carbonate 
occurs in nature as cerussite. At 200®C. it decomposes into PbO and CO 2 , and at the 
same temperature is reduced to metallic lead by CO. The white lead of commerce is 
a hydrated basic carbonate. This pigment has for centuries been prepared by the 
Dutch or ^‘corroding process which, briefly stated, consists in the slow corrosion 
of lead by the vapor of acetic acid and the conversion of the corroded material infjo 
hydrated carbonate of lead by CO 2 generated from decomposing organic matter. 
The process is tedious, taking over 90 days to complete. The lead is cast into "buck- 
les,'' which, exposing maximum surface to corrosion, are placed in clay pots containing 
dilute acetic acid or vinegar. The pots are stacked in tiers and covered with tanbark 
The carbon dioxide required for the ultimate conversion of the corroded lead is gener- 
ated by the fermentation of the bark. The white carbonate is cleaned from the 
buckles in revolving drums and the impurities are separated by flotation, washing 
and screening before it is dried and packed for shipment or is ground in oil for use. 
From 125 to 129 lb. of white lead should be obtained from 100 lb. of metal. 

A considerable proportion of white lead is still produced by this process, which 
gives an excellent pigment. More modern processes reduce the time required, afford 
better opportunities for control of the composition and physical characteristics of the 
product, and yield a product that requires no further purification. The principal 
processes in use are the following: 

Carter Process. — ^Finely divided metallic lead is treated with acetic acid and carbon 
dioxide in revolving wooden drums. The lead is completdy converted into basic 
carbonate in 8 to 12 days and is washed, dried, and pulverized. 

Euston Proceee . — Metallic lead is dissolved in acetic acid as basic lead acetate 
and precipitated as basic carbonate with carbon dioxide. 

Sperry Electrolytic Process . — Pure basic carbonate of lead is produced in a bifluid 
electrolytic cell having a lead anode and a steel cathode, separated by a linen dia- 
phragm. The two electrolytes are sodium acetate solutions differing in carbonate-ion 
concentration. The lead dissolves at the anode, is reprecipitated as basic car- 
bonate in suspension in the anolyte, and flows continuously from the cell in this 
suspension as the anolyte is circulated. It is removed by settling and filtration and 
diM, pulverized, and packed. The catholyte acts as a feeder to maintain an 
exWt concentration of the anolyte through electrolytic control The purity of the 
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product is indep^dent of the purity of the anode lead, since only the lead dissolTes* 
The process affords an opportunity for complete control df the composition and 
physical characteristics of the product at all times and produces an extremely pure 
and brilliantly white pigment. 

BuhUmed White Lead (Basic Lead Sulphate ), — ^This is a white pigment, ranging in 
composition from pure 2PbS04.Pb0 to 75 per cent PbSOi, 20 per cent PbO, and 5 per 
cent ZnO and is largely produced directly from lead ore, whereas the basic carbonate 
(white lead) is made almost exclusively from metal. Basic lead sulphate is used 
extensively in paint and in the manufacture of oilcloth, paper, and rubber goods. 
The raw material used in its manufacture is silver-free galena from the Missouri field. 
This is ground fine, mixed with carbon (and gray slag from the ore hearth), and 
smelted in an oxidizing atmosphere. The pigment is collected in baghouses. Blue 
fume, or “sublimed blue lead,” is a by-product of the process and is used in the same 
industries as is the major product. Sublimed blue lead consists of 50 to 53 per cent 
PbSOi, 41 to 38 per cent PbO, with small proportions of PbS, PbS04, ZnO, and carbon. 

Lead Silicates , — ^Lead silicates are much used for glazing tile, pottery, etc. Lead 
oxide and silica begin to combine at the softening temperature of the oxide, t.e., 
below 800®C. The silicates do not give up their lead readily, the ordinary reducing 
agents sulphur and carbon decomposing them with difficulty. Iron in excess effects 
the decomposition of lead silicates at bright-red heat, forming monosilicates (2reO.- 
Si02). FeS throws down some Pb, a double silicate of lead and iron being the result. 

Lead Sulphide, PhS . — This occurs in nature, as galena, and can be artificially 
prepared by melting sulphur and lead, or by adding hydrogen sulphide to a solution 
of a lead salt. It is produced in smelting lead ores as a sublimate on the cooler part 
of the furnace walls. PbS melts at about 1120°C. to a thin fluid which penetrates 
the firebrick of the furnace; furnace linings usually contain a network of crystalline 
galena. It volatilizes at temperatures below its melting point. Sublimed galena 
constitutes a large portion of the accretions on the shaft walls of lead blast furnaces. 

Being isomorphous with Ag2S, CusS, ZnS, FeS, etc., lead sulphide readily mixes 
with these sulphides in all proportions, forming the mattes obtained in smelting 
complex sulphide ores. Galena is decomposed by fusion with iron, the reaction form- 
ing the basis of what is known as the “precipitation” process of lead smelting. 

PbS + Fe « Pb + FeS, or 4PbS + 4Fe « 3Pb + PbS + 3FeS + Fe 

Lead sulphide is decomposed by those metallic elements which have a stronger 
affinity for sulphur than lead, in the following order: 

Mn — Cu — Ni — ^Pe — Sn — Zn 

manganese forming the strongest and lead the weakest sulphide. In the smelting of 
lead ores, manganese does not have to be considered in this connection, as it is usually 
present as MnOs, which enters the slag and hence is found only in small amoimt in 
the matte. 

In smelting practice, the decomposition of PbS is never complete. It is customary 
to calculate the iron necessary for the decomposition of PbS in accordance with the 
formula Fe + PbS « Pb -f FeS; if less iron is added, the resulting matte remains 
too rich in lead, while if an excess is supplied it simply goes into solution in the PbS^ 
FeS matte. An excess of iron in the charge, while often advantageous in cutting out 
crucible crusts, may be disadvantageous in decomposing argentiferous galena, mnee, 
owing to the affinity of AgsS and FeS, more silver will be drawn into the matte tim 
can be accounted for by the amoimt of lead present. In addition to having the Correct 
amount of iron present to decompose PbS, it is important to have the temjporature m 
high as possible, within reasonable limits. 
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A basic ferrous silicate, 4Fe0*Si02, will decompose PbS readily; the single silicate, 
2Fe0.Si08, has little effect. CaO and BaO have, in the presence of carbon, a decom- 
posing action on PbB. 

2 PbS + CaO 4- C « Pb 4* (PbS.CaS) 4- CO 

Lead Svlphatef PhSOi , — This occurs in nature as anglesitc and is formed in roasting 
PbS and in precipitating lead salts with H2SO4. It is the most stable of all sulphates 
of the heavy metals, remaining unaltered at a bright-red heat. At 800 to 1000®C., it 
dissociates, fusion also occurring between 950 and 1000°C. 

Silicai decomposes PbS04 at 1030®C. in accordance with the equation 

2PbS04 4- SiOa « 2Pb0.Si02 + 2 SO 2 4* O2 | 

this reaction being the basis of '^slag roasting.^' This decomposition by silica iA 
governed by the viscosity of the lead silicates formed, the viscous slag enveloping^ 
PbS04 and blocking the action. According to Mostowitsch, the most rapid decom- 
. position and the lowest loss of lead by volatilization lies between the singulo- and 
bisilicate containing 10 to 15 per cent Si02. 

Fe203 also has a decomposing effect on PbS04, though in less degree than Si02. 
FeO, above SOC^C., is oxidized by some of the O from PbS04. Iron at high tempera- 
ture is both oxidized and sulphurized: 4Fe 4" PbS04 = Fe804 4* FeS -f Pb; calcium 
is Bulphatized: CaO -f PbS04 = CaS04 4- PbO; and metallic load is oxidized: 
Pb 4* PbS04 « 2PbO -f- SO2. 

Carbon and carbon monoxide reduce lead sulphate to PbS, with the formation, 
also, of Pb and SO2. This double reaction explains the disappearance of S as 8O2 
in the reducing fusion of a lead blast furnace. In smelting the gray slag from the ore 
hearth, as much as 50 per cent of the sulphur is usually expelled. , 

Reactions between Lead Oxide, Sulphide and Sulphate. — Intimate mixtures of 
PbS and PbO, and of PbS and PbS04, such as exist in the roasting and smelting of 
lead ores, react in accordance with the following equations to form metallic lead and 
SO2: 

PbS 4* 2PbO = 3Pb 4* SO2 - 52,540 cal. 

PbS -H PbSO* = 2Pb 4- 2SO2 - 97,380 cal. 

These two equations form the basis of the roasting and rea(5tion or air-reduction 
process. Except for the fact that the gaseous product SO2 is withdrawn from the 
furnace as fast as formed, both these reactions would reverse and equilibrium result. 

If there is an excess of PbS or PbO over that called for by the equation, the excess 
remains unaltered. If there is an excess of PbSOi, part or all of the lead is obtained 
as PbO. 

PbS 4- 3PbO « 3Pb 4- PbO 4* SO2 
2PbS -f 2PbO » 3Pb + PbS 4* SO2 
PbS 4- 2PbS04 * Pb + 2PbO 4- SSOj 
PbS + 3PbS04 = 4PbO 4- 4SO2 

Flumbites and Plnmbates, — The oxides PbO and Pb02 form plumbites and plum- 
bates with alkali, alkali earths, and some metallic oxides. The orthoplumbate, 
C^lPb04^ occurs in the blast roasting of lead sulphides with lime diluents. 

Lead Ferrite. — ^The fact that in the crucible assay for lead the presence of Fe208 
acts unfavorably on the yields of lead is believed due, in part at least, to the formation 
of ferrite oompoimds, one of these having the formula Pb0.Fe0.4Fe20g. The melting 
point of PbO is lowered 133®C. by the addition of 12 per cent by weight of FegO*. 

Lead CMoride.'^Thm is formed by the action of chlorine upon lead and in a chlorid- 
^iiiilng roast of lead and its compounds. The volatility of PbCIg is the basis of a process 
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for the ejctraction of lead from its ores, the chloride volatilization process, in which 
the chloride fume is precipitated by being passed through an electrostatic preeifutatoT. 
The solubility of PbCU in saturated sodium chloride liquor is also the basis of another 
process of lead recovery, the brine-leaching process, in which sulphide ores roasted in 
contact with sodium chloride are dissolved by strong brine solutions, out of which 
the lead is precipitated either electrolytically or on scrap and sponge iron. 

Lead Selemde and Telluride {PbSe and PbTe). — These occur as clausthalite and 
altaite and are formed by the direct union of components. They are readily decom- 
posed by roasting. Selenides and tellurides are found in the anode mud formed in 
the electrolytic refining of copper and lead, this mud being the raw material for the 
production of selenium. 

Lead Borates, — ^Lead oxide and boric trioxide melt together in all proportions, and 
the compounds formed are more fusible than the corresponding silicates. Advantage 
is taken of this fact in lead and silver assaying by the use of borax as a flux. Lead 
borates are used in the preparation of ceramic glazes. 

Lead Fluosilicate^ PbSiFa. — This is formed by the action of H 2 SiF 6 on PbO when 
some Si 02 is precipitated. A solution containing about 8 per cent PbSiFe and 11 per 
cent free H 2 SiF 6 is used as electrolyte in the electrolytic refining of lead. 

Lead Ores. — ^Lead and zinc are commonly associated in mineral deposits, some- 
times intimately mixed, sometimes sufficiently segregated so that one metal pre- 
dominates, but seldom free entirely from the other. The geological and geographical 
distribution of the two metals is, therefore, nearly identical. 

All lead ores contain substances other than lead minerals. Some of these sub- 
stances {e.g.f gold, silver, or copper) can be recovered in the smelting process and may 
add much to the value of the ore. The common impurities in lead ores are silica, 
iron, lime, barytes, zinc, antimony, and arsenic. The first three (in minor amounts) 
may be beneficial or detrimental in any given ore, depending upon whether the bulk 
of the ore supply of the smelter carries an excess of one or the other of these elements 
which, in proper proportions, are required in the smelting operation. On the other 
hand, zinc and, to a less extent, antimony are always detrimental and detract from 
the value of the ore unless separated from the lead before shipment to the smelter. 
Sulphur, a constituent element of galena, is not considered a deleterious element 
except that carbonate ores of similar grade are more valuable, since they are cheaper 
to smelt. Barytes and other less common constituents of lead ores, including traces 
of valuable metals (bismuth, cadmium and rare elements), are seldom present in 
quantities sufficient to affect the value of the ore to the miner. 

The more common ore minerals of lead are the following: 


Mineral 

Formula 

Percentage 
of lead 

Galena 

PbS 

86.4 

Cerussite 

PbCOs 

77.5 

Anglesite 

Pb804 

68.8 

Pyromorphite 

3Pb,P,Os.PbCl2 

76.8 

Wulfenite 

PbMoOi 

56.3 

Jamesonite. . . 

PbBhSi 

34.1 


Galena is the most common ana imponani ot these minerals. The a^t thr^ 
mine^ in the list usually result from the surficial oxidation of galena, the sdlphate 
being usuaHy an intermediate stage in the oxidation to the carbonate. Pyromo^plit^ . 
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and wulfenite of minor importance. Jamesonite is considered more an ore of 
antimony than of lead. 

Sphalerite weathers more readily than galena and sine, therefore it is often carried 
below water level more rapidly and completely than lead. This fact accounts for 
some mines changing from predominantly lead mines to zinc mines with greater 
depth. Apart from the effect of such secondary enrichment, this change is often 
encountered in primary ores with increase in depth. 

Important types of lead deposits are as follows: 

1. Deposits formed at shallow depth in sedimentary rocks without apparent 

connection with igneous rocks. These have evidently formed under conditions of 
temperature and pressure approximating those of the present surface. They occur 
as tabular replacements of receptive strata usually in limestones and dolomites, but 
sometimes in quartzites or cherts and conformable with the enclosing strata; also 
irregular masses along faults, in zones of brecciation, in fissures, joints, crevices, and 
cavities erratically distributed in the same rocks. \ 

In regions of slightly disturbed strata the ore shoots tend to follow pitching trbughs.\ 
The ores of this type usually contain lead (galena), zinc (sphalerite), and iron (pyrite) 
minerals; often manganese and cadmium; sometimes cobalt and nickel; but seldom 
gold, silver, copper, or antimony. 

The deposits of this type are of worldwide distribution and are often extensive 
and commercially important. Their greater purity and simplicity of treatment, 
particularly of the ores in their oxidized zones, caused them to be exploited first and 
most extensively and to be the dominant factor in the world production of lead at one 
time. To this type belong, besides many others, the deposits of the Mississippi 
Valley and Silesia, between them producing 12 per cent of the world’s production 
in 1940. 

2. Deposits formed at shallow or intermediate depths genetically associated with 
igneous rocks, characterized by complex ores and comprising (o) vein deposits appaiv 
ently formed near the surface, (b) veins filled under conditions of intermediate tem- 
perature and pressure, (c) disseminated pyritic replacements of igneous rocks, (d) 
silver-lead replacements in limestone. 

Gradations between all these types are found, and many districts have related ore 
bodies of more than one of these types, sometimes examples of all of them. 

With subtype 2a are classed certain deposits apparently formed near the surface 
in genetic connection with igneous rocks and usually occurring as veins, but sometimes 
as stock works and pipes in volcanic rocks and adjacent sedimentaries, also as replace- 
ments in sedimentaries with associated small contact metamorphic masses near 
igneous contacts. The deposits are usually worked primarily for gold and silver, 
but small percentages of galena, tetrahedrite, and sphalerite are usually present. 
The gangue is largely quartz, but adularia, calcite, rhodochrosite, rhodonite, barite, 
fluorite, and pyrite are often present, and the presence of minerals containing arsenic, 
antimony, bismuth, tellurium, selenium, and rarely tungsten and molybdenum is 
characteristic. Successive stages of mineralization are often evident, and secondary 
enrichment and alteration by descending waters have disguised some deposits. . 

The ores of the types 26 and c are usually complex, comprising much of the same 
minerals of zinc, lead, copper, iron, gold, and silver, and often arsenic, antimony, 
bismuth, and other metals. In subtype 2d, the silver-lead deposits in limestone, zinc 
is apparently a minor factor, but often when followed to depth, zinc replaces lead as 
^ predominant metal. Many zinc mines are exhausted silver-lead mines. 

To subtype 2a belong the deposits of the San Juan region and Lake City in Colo- 
the Schemnitz deposits in Hungary, the Mapimi and Santa Eulalia deposits in 
, Mexico, and thedepoiits of Insbach and Freiberg in Germany; to subtype 26 b^ngtfae 
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deposits of Coeurd'Alene) Idaho ; and to subtype 2c belong those of Bawdwm, Burma, 
and Bidder, Siberia. Subtype 2d comprises the deposits of Leadviile, Cob., Park 
City, Utah, and Sierra Mojada, Mexico. The importance of the ores derived from 
the deposits of the first three subtypes is due largely to smelting practice based on the 
use of lead as a collector of the precious metals. 

3. Deposits in veins originating at high temperature and pressure, in, or associated 
genetically with, igneous rocks. The ore minerals are blende, galena, pyrite, or 
pyrrhotite, quartz, calcite, garnet, rhodonite, etc. To this type belong the important 
deposits at Broken Hill, New South Wales, Australia* 

4. Igneous metamorphic deposits containing minerals characteristic of contact 
metamorphism. The ore minerals are galena and its oxidation products (cerussite 
and anglesite), blende, smithsonite, calamine, and a gangue of calcite, rhodonite, 
garnet, py’ oxene, hornblende, magnetite, and tremolite. Among the deposits of this 
type are those of Magdalena, N. M., and the Horn Silver mine, Utah, occurring on or 
near contacts of limestone with igneous rocks. 

Recovery of Lead from Ores. — Metallic lead has been recovered commercially 
from its ores almost exclusively by smelting in carbon-heated furnaces — either blast 
or ore hearth. Electric furnaces have been used for complex-ore reduction, but have 
not become of practical utility, and it would seem that no great promise of develop- 
ment exists in this direction as far as lead is concerned, owing to the high volatility of 
lead compounds at the operating temperatures obtained in electric-furnace work. 

Various processes intended to make available ores of low grade, or complex ores 
of lead and zinc, have received considerable experimental attention, and a number of 
commercial plants have gone into operation in the past using hydrometallurgical 
processes. Among these, the brine-leaching method and the chloride volatilization 
processes are by far the most important, the former in the field of zinc-lead sulphide 
and oxide ore, and the latter more particularly in the field of oxidized and semi- 
oxidized and sulphide ores of copper, lead, zinc, and silver. 

The hydrometallurgical treatment of lead ore has been developed to the point 
where it can compete economically with concentration and blast-furnace smelting on 
some sulphide ores. The net recovery with concentration and smelting is approxi- 
mately 85 to 90 per cent; leaching, with or without roasting, will sometimes recover 
96 per cent. The mills and smelters already in existence will doubtless continue to 
operate, but the economic warrant for the erection of smelters may need to be more 
carefully considered in the future. In general, lead can be produced, at the present 
time, more cheaply by smelting than by leaching, if the material to be treated contains 
over 12 per cent of lead. Improvements in concentration have removed some of the 
former advantages offered by leaching processes, and at the present time their field 
of application appears to be limited to those low-grade ores which are not amenable 
to concentration to a point that will make smelting profitable. 

Bdne-Leaching Methods. — These involve the roasting (sulphating or chloridizing) 
of the sulphide, solution of the stable lead-silver compounds in acid brines, and the 
final recovery of the lead by electrolysis or, less frequently, by precipitation on 
and sponge irons. The free sulphuric acid in the leaching solution limits the solution 
of the lead ; when an average of 8 lb. of metallic lead per ton of mill solution has been 
precipitated, the same weakened solution can be returned and will dissolve moie lead. 

An interesting plant, using the Tainton process of brine leaching, went into 
operation in 1923 in Idaho, the result of extensive experimenting for several yearn 
by the Bunker Hill and Sullivan Co. While this plant is not now operating, it ill 
described as an interesting and typical examjde of lead hydrometallurgy which may 
find some application in the future. In general, the Tainton process involves tim 
roasting of g^ena to sulphate in an electrically heated rotary cylinder, at 
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the removal of soluble sulphates of manganese, magnesium, and other metals by 
water wash; the solution of lead sulphate in a brine that is saturated with salt and 



Fio. 1,-— Flow sheet, Tainton process. 

djusaolved chlorine from the electrolytic cells; and the precipitation by 
^^^troiysis, with high current density and high acid strength, of lead and silver in a 
with rotating shcet-iron cathodes and graphite anodes. The sponge lead reoovei^ 
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is thrown of the cathode by centrifugal force and floats out of the cell with the 
brine, or settles at the bottom of the cell, and is pressed into cakes for melting. A 
95 per cent extraction of the silver and a 95 to 98 per cent extraction of the lead is 
possible. The process was developed for application to tailing from lead concentra^ 
tion and from electrolytic zinc production. 

The preliminary roasting of the galena is a simple low-temperature sulphating 
roast (400 to 500®C.), without chloridizing, and the solution of the lead is made pos- 
sible by the presence of dissolved chlorine in the brine. Ordinarily, and in the major- 
ity of other brine-leaching plants, a chloridizing roast is utilized to convert the lead 
sulphide into soluble chloride form. 

Electrolytic-zinc plant tailings, lead sulphate flue dust, lead sulphate sludges 
from sulphuric acid chambers, oxidized ores of lead containing carbonate or sulphate, 
concentrating-mill tailing containing lead and silver sulphides, and complex zinc- 
lead-iron-sulphide ores comprise the products to which brine leaching is adapted. 

In similar processes brines, containing dilute hydrochloric acid and also sulphuric 
acid, are applied in some cases directly to the raw sulphide ores, attacking the galena 
and leaving the zinc sulphide largely untouched. 

The features of the treatment of an ore by such a process are the leaching by agita- 
tion of the unroasted ore in a hot brine solution containing a small quantity of hydro- 
chloric acid; filtration and washing with hot weak solution and water; precipitation 
of the silver by means of lead in some form; precipitation of the lead by cooling the 
pregnant solution; and reduction of the lead by melting with a mixture of lime and 
coal dust. The solutions are circulated through spray heaters for re-use. The lead 
precipitation is based on the fact that a hot liquor at 90®C. will hold 8 to 10 per cent 
lead, whereas when cooled to 30®C., only 1 per cent will remain in solution. 

In another similar process the chloridizing roast is eliminated. When ground very 
fine, galena will dissolve in a hot saturated and acidulated brine. 

Brines carrying ferric chloride are adapted to removing silver, copper, and lead 
from complex sulphide ores, and have been used in many processes. Ferric brines 
are more widely used for leaching prepared ore than for attacking raw ores. Chlori- 
dized lead can be dissolved in a neutral brine; the silver is so easily precipitated from 
the solution on such substances as zinc sulphide that almost invariably the brine 
must also contain small amounts of acid or of ferric chloride or cupric chloride, all of 
which tend to redissolve any precipitated silver sulphide. A practical method for 
removing lead and silver from zinc sulphide, developed in Australia, consists of mixing 
the ore with sufficient zinc chloride to supply 33 per cent excess chlorine over that 
necessary for combining with the lead, silver, arsenic, antimony, and tin in the ote, 
and heating to 400 to 500"*, out of contact with air. Chlorides of antimony, arsenic, 
and tin are volatilized, and chlorides of silver and lead remain in the anhydrous mass. 
These are leached in brine containing hydrochloric acid and ferric chloride. 

Chloride Volatilization Procesaea. — These processes involve the chloridizing roast 
of the ore and the precipitation of the fume so produced by electrostatic precipitators. 
Except for the limitation of fume recovery to electrical apparatus, chloride-volatiliziiig 
methods are, m general, adapted to a wider range of ore and are less sensitive to 
trouble than the brine-leaching processes. Metallic-chloride vapors condense 
colloidal particles of fume, each surrounded by an adsorbed film of air or gas, which 
prevmts collection by any means other than electrical predpitation. Such pa.rttdeB 
pass untouched through water and most scrubbing devices, but are efi^ientiy cqU 
leeted in the electrostatic precipitator. Baghouses will malce a high reeoveryj but 
the corrosive action of the fume rapidly destroys the filtering fabric, and the 
that most such chloride mixtures are hygroscopic causes the precipitated f^e ^ 
bikd Ihe fabric aud render the baghouse ineffective. 



158 


NONFERBOUS METALLURGY 


The application of chlorine in lead metallurgy is important and is discussed else- 
where in the present volume. 

Smelting Processes. — ^The smelting of lead ores is based on three principles: {1) 
the reduction of lead oxide by carbon or carbon monoxide; (2) the reaction between 
lead sulphide and lead sulphate or oxide, resulting in a double decomposition with the 
formation of lead and sulphur dioxide; and (3) the decomposition of lead sulphide by 
metallic iron. All these three reactions are endothermic, i.e., they require heat 
supplied extraneously. 

1. The first principle is the basis of what is known as the roast-reduction (or 
blast-furnace) method of smelting, in which lead oxide, lead silicate, or other oxidized 
compounds must first be prepared from sulphide ore by a roasting operation. f 

2. The second is what is known as the roast-reaction or air-reduction method — 

the basis of reverberatory and ore-hearth smelting. \ 

3. The third is the basis of the precipitation method. \ 

All these methods are employed commercially in the United States at the preseM 

time, either alone or in combination, the latter being more commonly the case, in 
practice, the principles are not so distinct as theoretically stated, the reactions funds^ 
mental to one process invariably play a certain part in the other processes. 

If a lead ore were absolutely pure, there would be no other consideration in the 
smelting processes than those reactions which relate to lead and its chemical com- 
binations. Practically, lead ores are never pure, the valuable minerals being mixed 
with a certain proportion of foreign matter, which must be separated by the formation 
of a slag. In the roast-reaction method of smelting, no slag, properly speaking, need 
be made, the molten reduced lead being liquated out from the impurities. However, 
the latter will still retain a high percentage of lead, and in order to effect a high degree^ 
of extraction from the ores, they must be subjected to a further smelting process in 
which a true slag is made. In making a slag, the object is to combine the impurities 
into a fusible silicate, which, when molten, will be of comparatively low specific 
gravity, in order that the heavier lead will settle to the bottom of the crucible of the 
furnace where it may be drawn off separately while the lighter slag will float on top. 
In addition to the slag and metal, there is formed, usually, a third substance, matte, 
which is lighter than the metal but heavier than the slag. Under certain circum- 
stances, a fourth substance is formed which is called speiss; this is lighter than the 
metal but heavier than the matte and, therefore, forms a molten layer between the 
two. Matte is an artificial sulphide, consisting in lead smelting of the sulphides of 
iron, lead, and copper. It owes its origin to the incomplete elimination of sulphur 
from the ore, but is formed intentionally in lead smelting as a means of removing the 
copper as a separate product. Speiss is formed as the result of the presence of arsenic 
or antimony in the furnace charge. It usually approaches iron arsenide or antimonide 
in composition and acts as a collector for other metals such as nickel and cobalt. 

The difference between lead smelting in principle and in practice is chiefly due to 
the incompleteness with which the basic reactions are carried out and the qualifying 
effect of the impurities that are commonly met with in ores. Thus certain metallic 
impurities are reduced with the lead, contaminating it and necessitating a subi^uent 
refining process. Other impurities affect the composition of desirable slags. Others 
affect the running of the furnace in various ways. 

If the ores are free from silver, the lead resulting from the smelting process is 
usually market grade after it has undergone a slight purification by liquating and 
coding. To a limited extent the so-called silver-free (Mississippi Valley) lead under- 
goes treatment by the Parkes desilverizing process, as the amount of total impurities 
.pr^nt is considerably reduced, and the price received as a premium for the better 
and the small amount of silver recovered makes the operation profitably. 
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If the dre is argentiferous, as is the case with practically all districts outside the 
Mississippi Valley, the silver passes, for the most part, into the lead bullion, and the 
latter is then desilverized by either the Parkes or the electrolytic process. 

The smelting of lead ores is carried on in three types of furnaces: the reverberatory, 
the ore hearth, and the blast furnace. Of these, the first has become almost obsolete; 
the ore hearth in recent years has become of considerable importance with a limited 
class of ores; the blast furnace remains the leading method, since it can treat eco- 
nomically all kinds of ores. 

I>evelopment of Smelting Processes. — The most primitive form of lead smelting 
in the United States was practiced with the log and ash furnaces in Missouri prior to 
1860. They employed the roast-reaction system of smelting and were applicable 
only to nonargentiferous galenas of very high grade in lead. They were for the most 
part displaced about 1840 by the Scotch-hearth furnace. Later, reverberatory fur- 
naces of the Flintshire type went into use, but never extensively nor with such success 
as to develop a permanent metallurgical practice. The Scotch hearth, however, has 
survived, and in its modern development is the basis of a highly efficient process in the 
treatment of certain classes of ore, especially high-grade nonargentiferous galenas. 

Neither the Scotch-hearth nor the reverberatory furnace is well adapted to the 
treatment of argentiferous ore, or to the treatment of ore containing less than 60 per 
cent lead, while the smelting of carbonate ores alone by either method is not feasible. 
Neither gives a finished slag or waste product at one operation that can be discarded, 
and final treatment of their product is usually completed in the blast furnace. For 
these reasons, by far the major part of the world^s lead is produced by smelting in 
the blast furnace. 

In smelting any type of lead ore by any method, the sulphur must be largely 
removed and the impurities must be combined in a slag, fusible at approximately 
1100 to 1200®C., and of specific gravity not to exceed 3.6. In blast-furnace smelting, 
the slag must be of a composition that will form at the right point in the smelting 
procesc, will be thoroughly liquid, in order to ensure a satisfactory separation from 
the matte, and will require the minimum consumption of fuel, the chief part of 
which in blast-furnace smelting is always consumed in effecting the formation of 
the slag. 

The sulphur is eliminated in various ways, which may be enumerated as follows: 

1. Roasting , — Lead ores are usually low in sulphur and therefore are not self- 
burning in the ordinary roasting furnace. As the decomposition of lead sulphate is 
effected only by reaction with silica, forming lead silicates, the necessary temperature 
must be supplied chiefly by the combustion of carbonaceous fuel. The roasting of 
lead ore may be done in three ways. 

o. Ordinary roasting in which the ore is simply desulphurized, at the same time 
b^ng more or less sintered. Often the ore is partially fused, so that upon withdrawing 
from the furnace it crusts or may be pounded into cakes. 

h. Slag roasting, in which the ore is completely fused. 

c. Sintering, in which the sulphides are self-burned and sintered under air blast, 
either pressure or suction. 

The object of roasting is to reduce the sulphur to as low a point as possible, without 
entailing undue losses in other directions. The sulphur is more completely eliminated 
by sintering than by ordinary roasting, and more completely by slag roasting than by. 
sintering. At the same time, the loss of lead by volatilization is heavily increissed, 
and in slag roasting it is so high that the proo^ has been abandoned in the United 
States, save in one or two instances. Ordinary roasting, by which l^e sulphur ^ 
reduc^ to about 4 per cent, is supplemented by sintering to reduce the sedphur IsltiS 
further and to produce a blast-furnace material of de^ble character. 
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The subject of roasting in general finds detailed treatment in a section of tile first 
volume^ ^'Principles and Processes.” 

2. Bm^UBeaistion . — Lead sulphide burned partially to sulphate reacts with unde- 
composed sulphide, setting free metallic lead and sulphur dioxide. This process is 
effected in the reverberatory smelting furnace, where the charge is first partially 
roasted and the reaction is then effected under increase of temperature, also in the ^ 
Scotch hearth wherein the roasting and reacting go on simultaneously. In the modern 
blast furnace, which is operated under conditions promoting oxidation, roasting and 
reacting play an important part. 

3. Precipitation . — Ore is charged raw into the blast furnace, and the lead sulphide 
is decomposed by iron, precipitating metallic lead, while the sulphur combines with 
the iron, forming a matte, from which the sulphur is subsequently eliminated Iby 
roasting. The quantity of matte to be roasted is apt to be as much as the quantity 
of ore smelted, but the loss of lead is less than if the ore were roasted originally. Thwe 
are other drawbacks, however, and this method, which has never had any wide appli- 
cation in the United States, is now employed by itself in only one or two instanc 
The reaction takes place to some extent in any blast furnace, however, and it, togethe^ 
with the reaction between the sulphide and sulphate described under the previous 
heading, is largely relied on in modern practice in the blast furnace. Galena of high 
grade is sometimes charged raw into the blast furnace to save the comparatively high 
loss of lead which is suffered in ordinary roasting. Precipitation smelting may also 
be done in the reverberatory furnace, but this method is inefficient and has seldom 
been practiced either in America or Europe. 

After elimination ot sulphur by ordinary roasting or by sintering, the ore is ready , 
for smelting in the blast furnace. Naturally oxidized ores may go of course to the 
blast furnace without any preliminary treatment, save breaking to the proper size. 

The universal application of flotation concentration and the high grade and extreme 
fineness of the concentrate produced have caused sintering to be adopted as a necessary 
step in blast-furnace smelting. This, in turn, has led to the incorporation of practi- 
cally all constituents of the blast-furnace charge, including limestone, in the sinter, 
producing a uniform, self-fluxing charge material, whose characteristics and composi- 
tion are under close control. The blast-furnace charge commonly consists of 76 to 
90 per cent sinter containing 40 to 65 per cent lead, producing a lead content of about 
40 per cent in the total charge exclusive of coke. 

The Function of the Blast Furnace. — The function of the blast furnace is to reduce 
the metal and to slag the impurities so that a separation can be made. This separation 
is effected by the difference in specific gravity of the various products. The specific 
gravity of liquid (molten) lead is about 10.5, that of matte ordinarily ranges from 4.5 
to 5. In order to ensure a satisfactory separation of matte and slag, the specific 
gravity of the latter should be at least 1.0 lower than the lightest matte. Both the 
matte and the slag must be thoroughly liquid at the temperature of issue from the 
furnace. CJonsequently, the matte must be free from components that make it 
mushy, such as zinc sulphide, and the slag must be of a composition that is easily 
fusible at 1100 to 1200®C. The cleanness of the slag, i.c., its freedom from, gold, 
islver, 1^, and copper, is dependent chiefly on these physical conditions. The lead 
eemtent of a good slag should not exceed 1 per cent; the silver content should not 
Oxeeed 0.2 oz. ; the gold content should not be more than a trace. In order to achieve 
such a result^ the specific gravity of the slag should not be more than 3.6, and it 
llHifuld be of disproved chemical composition. 

In maldtig a slag, the metallurgist is practically limited by the elements that com^ 
occur in ores, and to cheap fluxes like limestone. The commercial ifiag is H 
P^te of two or more base*. The fundamental constituents are sUica, iron, and 
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lime. The iron may be replaced to some extent by manganese^ and the lime to some 
extent by magnesia^ zinc oxide, and barium oxide. These elements ordinarily con- 
stitute 90 per cent of the slag. The remainder is chiefly alumina, barium sulphate, and 
sodium and potassium oxides. In preparing the furnace charge, a mixture of ores 
and fluxes is made in such proportions as to produce a slag of the desired composition. 
In lead smelting the permissible range in silica content is rather narrow, varying from 
20 to 36 per cent, and ordinarily also the percentages of ferrous oxide and lime range 
only within narrow limits; the percentages stated nominally as ferrous oxide and lime 
include their equivalent, respectively, of manganese oxide and magnesia. 

The efficiency of the lead-smelting process depends chiefly on (1) the method ^f 
sulphur elimination, affecting the cost of the operation, the loss of gold, silver, and 
lead, and the physical condition of the product delivered to the blast furnace; fe) 
the design and construction of the blast furnace and its accessories, the method kf 
operation, the physical condition of the material charged, the correct composition 
of the slag, the character of the bullion produced, and the means of collecting dus\ 
and fume; (3) the means for handling products throughout the process. 

The better the character of the slag, the faster will be the running of the furnace, ' 
the greater the quantity of charge smelted per square foot of hearth area^ and 
the lower the loss of lead and silver in the slag and in the fume. The lower the propor- 
tion of very fine material in the charge, the faster wiU be the running of the furnace 
and the smaller the percentage of flue dust to be collected and rehandled. The 
better the character of the bullion, the less irregularity in the operation of the furnace 
and the less the cost of refining. A detailed consideration of all these governing 
and largely interdependent factors is possible only in a much larger volume than here 
presented and will be found in the standard treatises on the subject. It is aimed here 
to emphasize the general principlo^j of the art and the predominant effect of the 
make-up of the furnace charge in determining the cost and efficiency of the smelting 
process. It may be said that the successful development of the silver-lead smelting 
industry hinges on this matter. As the histories of the various lead-smelting districts 
are examined, it will appear strikingly how the process was quickly made successful 
in those which had the advantage of a self-fluxing ore, how it was struggled with in 
many other districts, and how, as lead smelting became a well understood art, it came 
to be recognized that an assured and adequate supply of the right classes of ore was 
the fundamental for the inauguration of a successful business. 

Given supplies of silica, iron, and lime, there is no difficulty in producing a slag 
of any desired composition, but the smelting might be so costly as to be unprofitable. 
The cost of smelting is properly based on the charge, f.c., all the material except the 
fuel that is put through the furnace. It is the aim of the metallurgist to have the ore 
in the charge at the maximum possible percentage, f.e., it is sought to obtain all the 
necessary fluxing elements in a proper proportion in the ores purchased for smelting, 
since the time, fuel, and labor required to smelt a pound of flux are the same as for a 
pound of ore, and for each pound of flux put into the charge there is one pound less 
of ore. It is, consequently, of the utmost importance to the smelter to be able to 
secure ores that, upon mixture, will contain the proper proportion of slag-fofming 
substances and will obviate the necessity of making up the proper proportion by the 
Edition of barren fluxes. It is seldom possible to attain the acme of that condition, 
a small proportion of limestone usually must be added to the charge, and there is 
always a certain quantity of foul slag, flue dust, roasted matte, and other products 
that must be resmelted. In the modern American practice of silver-lead smelting, 

ore in the charge amounts usually to 80 per cent or more.* 

I' : < ^ hearth area is the hcnricontal eection of the fumaoe on the line of the tuySrea. 

^ l^hta meane SO per eent or more of the charge, exoluaive of the return ^g which la uaed in largw 
qg wsaiter uuantitSea, often rather large, to facilitate the running of the lurnaoe. 




Fig. 3. — Lead blast furnace used at Midvale after 1919. 
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The practice of the metallurgy of lead has resolved itself at the present time into 
smelting in the blast furnace for silver-bearing ores and smelting in the Scotch hearth 
for silver-free ores. In both kinds of smelting the smoke and fume are filtered in 
baghouses using woolen or asbestos bags. Electrostatic precipitation is well adapted 
for the collection of fume from all lead-smelting operations and is cheaper in first 
cost than large baghouse installations. It has been universally adopted for lead- 
roaster and sinter-plant fume collection, since these gases usually carry elemental 
sulphur which frequently causes disastrous fires and explosions in baghouses. 

With proper fume collection, smelting in the blast furnace yields an over-all 
recovery in bullion of 95 to 98 per cent of the lead charged. Recoveries of 98 per cent 
lead are obtained in smelting high-grade galena ores in the Scotch hearth. The wo 
methods of smelting are applied under radically different conditions. In silver-l^d 
smelting in the blast furnace, the prime function of the lead is to act as a collector wi 
the precious metals. The percentage of lead in the blast furnace charge in different 
smelteries ranges from 10 per cent in blast-smelting crude ores to as high as 50 per cent 
where the charge is practically all sinter produced from high-grade concentrate! 
In any case the proportion of slag to ore that is made is much higher than in the' 
treatment of high-grade galena ore in the Scotch hearth, and consequently loss of 
metal in the slag is higher in the blast furnace. The Scotch-hearth im'thod of smelting 
has been confined to the treatment of nonargentiferous galena containing 60 per cent 
of lead or upward. This method of smelting has been improved by the introduction 
of the Newnam mechanical rabbler, which has reduced labor and improved working 
conditions, an important item in view of the severity of the latter, especially in hot 
weather. 

The Blast Furnace. — The lead blast furnace has become in recent years practically 
standardized at modern plants. Materials going into and products coming out of 
the furnace are handled in almost as many different ways as there are plants in the 
industry, but in this respect also there is a tendency toward standardization, as hand 
labor becomes gradually replaced by mechanical equipment. Lead blast furnaces 
have certain common features, in general the following: rectangular-horizontal 
section, tapering sides with boshes, straight end, a water-jacketed smelting zone, 
internal crucible, and the Arents siphon tap for bullion. The circular water-jacketed 
furnace is used only to smelt at intervals small quantities of intermediar}" products 
of a refinery, or for ore smelting in remote localities. The brick shaft common with 
most ore furnaces has in some plants been replaced in its lower portion by steel water 
jackets. Furnaces having an entire shaft made up of water jackets are successful, 
but there is some question of the necessity of the top tier of jackets, and the fuel 
consumption is said to be higher on such furnaces. 

With the increase in size of furnaces and of smelting plants, the transportation 
of ore flux and fuel by teams and wheelbarrows in the early plants became impossible 
and reliance on hand labor for manipulation less and less efficient. These early 
methods have given way to mechanical traction and handling. The necessary 
apparatus for removing slag from the early small-size furnaces treating mainly oxide 
ores consisted simply of pots pushed by laborers. As oxide ores were replaced by 
sulphide, matte handling became a problem in connection with slag handling, solved 
by extra settling pots which have now given way to large forehearths. As tonnages 
continued to increase and speiss, dross, furnace accretions, and refractory slags 
came into the picture in the various smelting centers, compressed ah, water, steam, 
and electric power were brought into play, and mechanical traction, slag granulation, 
and mechanical furnace manipulation in general are found throughout the industry. 

Yhe waste ^ises in early le^d smelting escaped to the atmosphere, carrying damafe 
crops and man in the immediate vicinity of the plant and resulting in a very eon^ 
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mderable loss of metal vidues. In later periods, settling chambers for catehlpg duit 
from the smoke stream were provided; these have been supplemented and replaced 
by baghouses for filtering and by electrostatic apparatus for precipitating the dust 
and fume. Ihe primitive blowing engines, adequate for blast requirements at first, 
have been superseded by rotary positive pressure blowers and centrifugal compressors. 

General Features of Blast-furnace Design. — The weight of a modem furnace 
with brick shaft is something over 100 tons. The shaft, the heaviest part, is carried 
on four cast-iron or steel columns, one at each corner, resting on a concrete foundation 
extending about 3 ft. beyond the bedplate and supporting columns. 

A comparative tabulation of data of design and operation ol blast furnaces, based 
upon a tabulation originally prepared by Hofman,^ is given in Table 4. 

The horizontal section of the furnace is rectangular, the width is most commonly 
48 in., ranging from 36 to 63 in. The distance between tuyeres is limited owing to 
the excessive blast pressure that would be required to penetrate to the center of a 
larger furnace and that would cause excessive volatilization of lead. When furnace 
charges consisted largely of fine material, the usual distance was 42 in., and this is 
still a common diameter of small furnaces. With sintered ore and a coarser charge, 
this dimension increased to 54 and to 63 in., although 44 and 48 in. are the more 
common figures. 

Enlargement of the lead blast furnace has taken the direction, inevitably, of 
increased lengths rather than width, doubling from the original 60 to 120-in. and later 
increasing to 160, 192, and 270 in. The limit to which the length of a lead blast 
furnace can be efficiently increased is an open question. A normal crew can serve 
a furnace, say, 192 in. long; if this length is increased, additional men are necessary, 
and the additional tonnage obtained may not be equivalent to the added cost of 
labor. No great success was at first attained in imitating, on the lead furnace, the 
great increase in length that brought about such a notable development of the copper 
blast furnace. Some experiments with furnaces of this type were made as early as 
1915 in which the furnace design amounted to practically two normal lead blast 
furnaces placed back to back with double complements of slag tap and lead well. 
The balance in a lead blast furnace operating on crude ore is a more delicate one than 
in a copper furnace, which probably accounted for the failure of many such furnaces 
to operate successfully. When a lead blast furnace becomes unsatisfactory in opera- 
tion, it is usually cheaper to blow down the furnace, bar out, and start fresh instead of 
attempting to nurse it back to normal work. With a copper furnace this is done more 
readily, and with less loss of metal. 

The operation of the lead blast furnace on crude ore and with a small proportion 
of sinter is delicate owing to the large number of variables that are beyond the control 
the furnace operator. However, the increase in percentage of sinter on the charge 
has resulted in greater uniformity in the condition of the charge in all respects, and 
the operation has become much more stable. 

At Trail, B.G., experiments with increased width and length and smaller tuy^ 
diameter led to the development of a blast-furnace design shown in Fig. 4. Thk 
furnace is 270 in. long and 63 in. wide at the tuy^es. The bosh increases the width; 
to 84 in. at 5 ft. S in. above the tuy^es. The furnace has 36 2^-in. tuyeres on egch 
side, and these have been shown to give a much better distribution of air than tho 
smaller number of larger tuyeres. 

This furnace has been very successful in operation and has developed a much 
higher smelting rate than narrow furnaces of the ^me length. 

The vertical secticm of a lead blast furnace is marked by an inward "bosh’’ tibe 
mde and a contracted tuyere section. This contraetkm secures a more rapid 

'*hIetiltuTgy of head/* MeGrawHIU Book Oomnany, |ne., 
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Tabi;b 4, — ^Blast Fubnaces. — ( CorUintied ) 
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combustion snd concentrated intensified beat^ resulting in a quicker furion and more 
complete decomposition of lead sulphide. When, higher up in the shaft, the width 
is suddenly increased by the boshes, the gases formed at the tuyeres are checked 
in their upward velocity and more evenly diffused through the descending ore column, 
giving up their heat to the charge and preparing it for subsequent fusion. In addition 
the spread of the gases decreases the amount of flue dust carried out of the furnace. 

The ends of the furnace are usually without bosh, although some of the earlier 
ptots have end bosh as well as side. Experience generally indicates that the end bosh 
tends to bring about wall accretions. 

Extending upward from the rim of the crucible to the bottom of the brick shaft 
are the water jackets. These are double-walled steel sections through which water is 
circulated. They enclose the smelting zone and prevent corrosion of this portion of 
the shaft by slag. The height to which the shaft is water-jacketed varies in furnace 
design ; however, complete watcr-jacketing of the entire shaft is generally considered 
undesirable or unnecessary. 

A substantial heat loss, as high at 10 per cent, occurs in the jacket waters. This is 
reduced and a more uniform operation secured by a closed, or thermosyphon, system 
for circulation of the cooling water. 

The tuyferes are circular orifices through the jackets, 2}4 to in. in diameter, 
usually placed about 13 in. above the rim of the crucible. Through them the blast of 
air is introduced into the smelting zone. They are placed along the sides and some* 
times in the back of the furnace. The side tuyeres are spaced 6 to 20 in. apart. 
The modern furnace takes 5000 to 8000 cu. ft. of air per minute. 

The hearth, or crucible, enclosed in brick, concrete, and ironwork, extends from 
the foundation to the bottom of the jackets. The lines of the crucible are usually 
a continuation of those of the shaft, and the depth of the crucible ranges from 20 to 
36 in., commonly about 30. The crucible, except with very pure bullion, gradually 
becomes filled with a dross of higher melting point than the bullion, except at the 
point adjacent to the siphon tap where the temperature is kept higher by the constant 
withdrawal of bullion. As a result, in most furnaces the crucible is filled with brick 
or concrete to form a sloping hearth draining to a small wall or sump at the front con- 
necting to the siphon tap. 

The Arents siphon lead tap is an opening in the side wall of the crucible. It con- 
sists of an inclined square channel about 8 X 12 in. in cross section, leading from the 
bottom of the crucible side wall, inside, to the top on the outside. At its top, outside 
the furnace, the channel is enlarged into a bowl-shaped basin, called the lead welL 
This tap is placed either at the middle of one of the sides or, preferably, a little toward 
the front of the furnace. When the furnace is running, the crucible should remain 
full, or nearly full, of lead. The lead in the well will stand higher than the level 
inside, owing to the pressure of the blast and weight of the charge on the interior 
surface. The discharge of the lead well is at a level 4 to 10 in. above the top of the 
crucible. The fugrnaceman keeps the lead in the well at a height that maintains the 
lead in the crucible at the top of the hearth, gauging this by experience in tapping. 
Ordinarily, the furnaceman will close up the lead discharge periodically in order to 
force the lead in the crucible to rise to a level where some begins to run out with the 
slag, so that he may know that all speiss, matte, and zinc m\ish have been cleaned out 
of the furnace when the furnace slag is tapped ^*to a blow.’^ With charges running 
high m lead, 30 to 45 per cent, the lead overfi.ows continuously from the well into g 
suitable lead kettle at the side of the furnace; with 10 to 15 per cent lead on the chto!^ 
the well is tapped at intervals. 

Handliaf Ores and Product8.--The blast furnace may be oonsulered aa the objee* 
tive point on which turns the entire tran^rtation system and flow sheet , el the |Mt|v 
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Hie reoeivix3|; and disposing of raw materials, fluxes, fuel, ores, for the blast furnace 
and the disposal of its waste, intermediate and primary products, form part of the 
general arrangement of the whole smelting plant, involving also the sampling and 
storing of materials, roasting and preparing smelting charges, and the disposition of 
power, water, and other necessary factors. All this involves an engineering problem 
of considerable magnitude, detail mention of which is beyond the scope of the present 
discussion. In sections of the first volume will be found the treatment of sam- 
pling, fuel, roasting and sintering, power, fume collection, slag, and other phases of 
smelting procedure that are more or less common to reduction plants for all metals. 

Briefly stated, the products of the lead blast furnace are disposed of as follows: i 

1. Lead , — Crude lead from the lead well is usually transferred to a drossing kettle 
of 30 to 250 tons capacity where it is freed from impurities held in suspension or solu- 
tion. This is accomplished by drossing or “poling “ (mechanical stirring of the molten 
lead by means of compressed air or steam) and by the addition of sulphur^ The 
impurities that rise to the surface are slightly oxidized drosses and remain On the\ 
surface of the bath, from which they are removed by skimming with a perforated \ 
disk or spoon. The agitation exposes new surfaces continually to the air, resulting 
in the slow oxidizing of copper, sulphur, arsenic, antimony, zinc, and iron which col- 
lect on the surface as a dross. When sulphur is added as a drossing reagent, the copper 
is removed as a sulphide. The kettle of molten lead is allowed to cool to about 480®C. 
before the dross is removed. After the dross is removed, the lead is air-agitated until 
the temperature drops to about 360^0., removing constantly the accumulating dross. 
The temperature is then slightly raised (to about 380®C.) for the taking of “ gum- 
drop samples (small ladle samples weighing 0.5 assay ton each) and then to about ^ 
426®C. for casting the lead. The dross usually goes back to the blast-furnace charge, 
after being freed by liquation or pressing of much of its occluded lead. 

Separate smelting of the dross in a reverberatory furnace for the production of 
matte and bullion is a recent development. This reduces the production of matte 
in the blast furnace and eliminates the recirculation of a considerable amount of copper 
and antimony. 

2. McUte and Slag . — An imaginary cross section of the crucible of an operating 
furnace would show the crucible filled with lead, and floating above the lead, speiss, 
matte, and slag in the order given. The lead leaves the crucible through the siphon 
tap, which takes off at the bottom, and the other products are tapped through the tap- 
hole at the front of the furnace, intermittently, into an external receiver or forehearth, 
in which they separate in accordance with their specific gravity, speiss at the bottom, 
matte above speiss, and slag above matte. On top of the normal matte there is usually ^ 
found a zinc mush which separates with difficulty from both slag and matte. 

This zinc mush, inside the furnace, and outside as well, is the bane of lead fumace- 
men and metallurgists; it is the root of furnace troubles whichTmay vary in intensity 
fitmi merely unsatisfactory assays (metal losses) to the entire loss of the furnace 
through freezing or slagging (mushing) of tuydres. More than any other single 
factor, the solution of the zinc-mush difficulty is to eliminate the possibility of its 
formation, primarily, by the exclusion of zinc-bearing materials from the charge, or if 
this is impracticable, by ensuring the dead roasting of ail zinc sulphide of the charge. 
SSne oombined with sulphur spells trouble; zinc combined with oxygen is handled and 
slz^ged with comparative ease. Zinc entering the blast-furnace slag is no longer a 
totai 1^, but in modem practice is recovered with a considerable portion of the lead 
by further treatment of the slag. Improvemmts in selective concentration and in 
imtering practice have been the largest factors in meeting the zinc situation. There , 
ai^ two points in the lead blast-furnace manipulation of zinky charges that, 
not s0 generally known, are recognized at certain plants as of almost eqnsi 
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importance in combating zinc troubles* At Namtu, Burma, where slag zinc runs up 
to 00 per cent ZnO, it Has become recognized that zinc troubles are not always sulphur 
troubles. 

Some of the most troublesome work on record at the Namtu furnaces occurred 
when the physical condition of the sinter was quite up to the average, with sulphur 
only 2 per cent, furnace clean, coke good, and when the analysis of the resultant slag 
was in line with their best type. Trouble appeared because, although the zinc and 
iron were in the charge in the correct proportion, they were not there in the correct 
condition. No trouble is encountered when the iron necessary to satisfy the slag 
demands of the zinc exists in the charge in intimate association with the zinc and when, 
also, a comparatively small amount of slag material has to be made to carry the zinc 
in the concentrator; it is a really troublesome matter when the iron requisite for a 
heavy zinc charge has to be supplied almost entirely, as at Namtu, by the addition 
of limonite and, to obtain satisfactory combination, a considerable heat reaction is 
required. At Namtu, it is also to be noted that a slag fall of 2 to 1 is obtained by the 
amount of slag that has to be formed to carry the zinc, even when this slag contains 
30 per cent ZnO. 

At Cockle Creek, New South Wales, control of zinc troubles had been secured, 
prior to the shutting down of this plant of the Sulphide Corp., by smelting methods 
that were almost unique in lead blast-furnace practice. A combination of high ore 
columns (26 to 28 ft.) and high blast pressure (approximately 70 to 75 oz.) maintained 
an intensity of temperature at the smelting zone and a drive of the furnace that 
resulted in remarkable freedom from zinc accretions and trouble and gave slag 
carrying well under 1 per cent lead, with no unusual losses in any direction. 

Where matte is made in appreciable quantities, large movable forehearths (about 
8 X 4 X 4 ft.) receive the stream of slag and matte tapped from the furnace. The 
matte and speiss produced are trapped and accumulate in the forehearth, while the 
slag overflows from the top. At intervals, the matte and speiss are tapped through 
the side of the forchearth. The waste slag pots are removed by a locomotive and the 
slag disposed of either by pouring over the dump or into a granulating apparatus. 
In most large smelteries, this molten slag is now transferred to a slag-blowing furnace 
where the zinc and lead are largely removed as a fume and collected. 

Formerly, all shells and crusts from waste slag pots were brought back to the 
blast furnace for resmelting, because of enrichment of lead and silver in the shell, 
fluxing requirements, and beneficial effect on the blast-furnace charge, but the practice 
of recent years tends to discontinue the resmelting of slag shells, substituting the 
resmelting of forehearth bottoms. Two forehearths in series are frequently used, 
with consequent throwing away of the entire contents of the slag pots. In a few 
instances the slag-matte mixture tapped from the blast furnace is tran^eired to a 
small reverberatory settling furnace from which matte and slag are intermittently 
removed. In some instances, granulating places the slag in a form that can be easily 
disposed of by sluicing away, when sufficient water is available ; it also provides a form 
of ^ag well adapted for mixing with the sinter charge. Most large smelteries in which 
a considerable amount of zinc enters the blast-furnace charge now re4reat the blast* 
furnace slags by blowing. A large part of the zinc and lead contained in the slag is 
removed as oxides and is collected in the form of dust or fume in baghouses and coqling 
flues. A considerable tonnage of slag reclaimed from old dumps is being re*treat<ed 
for recovery of its zinc and lead content by this method. The blowing lutniu^e 
resembles a blast furnace in general construction. It has a rectangular water* 
jacheted shaft with tuyeres along each side a short distance above the bottom. Mol- 
ten slag is loured in at the top of the shaft to maintain a depth of molten material 
above the tnyi^ line. Pulverized Qoal is blown in with compressed air throft^ the 



174 


NONFEREOUS MEfALLUmY 


tuyeres into tbe bath of molten slag, the and lead oxides in the slag are reduced 
and -the metal vapors are reoxidized in a combustion chamber above the surface 
of the slag and are carried away through flues to the collecting equipment. The 
molten slag after blowing is tapped out of the furnace and disposed of. 

The matte contains silver, gold, lead, and copper and must all be re-treated. 
Three methods of re-treatment are in common use: (1) The matte is crushed or 
granulated, mixed with the roaster or sinter feed, and desulphurized before being 
returned to the blast furnace. (2) The matte is resmelted as a separate operation of 
**matte smelting^* to lower the lead content by replacement with iron and to con- 
centrate the copper content to a point where the matte may be sold to a copper smelter. 
(3) The matte is treated in a standard basic lined copper converter, with or without 
the addition of siliceous fluxes. Air is forced through the molten matte at a tempera^- 
ture of 1100® to 1200°C., oxidizing the S, Fe, and Pb. The iron is slagged as silicat 
by the fluxes, or as molten Fe804 if no fluxes are added. The lead is slagged or driven! 
off with the sulphur as a basic lead-sulphate fume. The Cu, Ag, and Au remain^ 
and are combined with copper matte and reduced to metal by a continuation of the 
converting operation. The lead-bearing slag and lead fume produced in the con- 
verting operation are re-treated in the blast furnace. 

3. Fume and Dust . — Hoods are placed at all points around a blast furnace where 
fumes arise, the pipes from all hoods lead to a main flue and exhaust fan which deliver 
to a baghouse or electrostatic precipitator. The gases and dust issuing from the top 
of the furnace, combining with the fumes from the tapping floor, travel through flues 
and chambers in which they drop most of their dust, and then to special condensation 
or filtering apparatus. The methods for recovery of flue dust and fume at lead smel- 
teries and refineries may be classed as dry, wet, and electrostatic. In Chapter XII 
of the first volume the subject of dust treatment is discussed in greater detail. 

Chemistry of the Lead Blast Furnace. — The charge — ore, flux, and coke — fed 
at the top of the furnace is subjected as it descends through the shaft, in about 8 hr., 
at gradually increasing temperatures, to chemical reactions and physical changes 
that transform it into lead bullion, speiss, matte, slag, and gases. The two processes 
principally involved are reduction and precipitation, and incidentally sulphurization, 
at temperatures ranging from 1100 to 1200®C. at the tuyere level to 150®C. at the 
throat. 

The principal reducing agents are C and CO. The carbon, supplied by the coke 
(normally 8.5 to 13 per cent of charge), acts on metallic oxides as soon as the tempera- 
ture rises to a point where its affinity for oxygen is greater than that of the metal that 
is combined with the oxygen; this action begins at about 400®C. The products of 
oxidation are COj and CO. The former results if the metallic oxide is easy of reduc- 
tion, say below 1000®C., the latter if the oxide is difficult of reduction, perhaps above 
1000®C. The reducing action of CO, which begins at about 200®C., increases with 
temperatures up to about 1000®C., beyond which point it falls off rapidly. 

The principal agent of precipitation is iron. Other metals act as precipitants 
also, in conformity with their affinities for sulphur. Each metal will displace from 
sulphides other metals whose affinity for sulphur is weaker. According to Fournet 
such replacement is in the following order: 

CHi-~Fe~(Co-Ni)--Bn— Zn~Pb— Ag—Hg— A^ 

The more recent work of Schutz places the series in a slightly different order, as 

fottows: 

^ Mn—Cu—Ni—Fe-Bn— Zn—Ag 

,| Pkai^tatioii, decomposition of sulphide by metal, begins at about 900^C. and 
^ maximum at tuy^ level, where the furnace temperature is around 1200*0. 
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The precipitation reaction is reversible, however, and the complete decompositioii of 
the metallic sulphides by iron is thus counteract^ to some extent, 

Descending Ore Charge. — In considering the changes in the descending ore charge, 
it is convenient to distinguish four zones: the zone for preparatory heating, 100 to 
400®C.; the upper zone of reduction, 400 to 700®; the lower zone of reduction, 700 to 
000 ; and the zone of fusion, 000 to 1200®. There is no sharp line of demarcation 
between the zones, one passing over into the other; the reactions beginning in one zone 
may be finished only in the next or perhaps even the second lower down. The process 
of heat interception is continuous from the tuyeres to the throat, or from 1200 to 
100®C. 

1. Zone of Preparatory Heating (100 to 400®C.). — The charge fed into the furnace 
first gives up its hygroscopic water, then that which is chemically combined. Clayey 
material, limonites, and some other hydrates give only part of this water at 400®C. 
The evaporation of water absorbs heat and thus assists in keeping the top of the 
furnace cool. 

2. Upper Zone of Reduction (400 to 700®C.).— The decomposition of hydrates 
continues, the dissociation of carbonates and of some sulphates begins. The reducing 
effect of CO, which theoretically begins at 200®C., becomes noticeable only at about 
400®, and increases with rise of temperature up to about 900®. It will, therefore, be 
an active agent in reducing PbO completely to Pb, and PbS04 partly to PbS; it will 
also start the reduction of P'eaOa. The C of the coke, which begins to act reducingly 
at about 400®C. and increases as the temperature rises, will change PbO completely 
into Pb, and PbSOi partly into PbS; it will assist CO in its reduction of Fe20j, and will 
transform CO2 of the gas current into CO. There will further take place reactions of 
PbS04 and PbO and PbS, setting free Pb and SO*. 

3. Lower Zone of Reduction (700 to 900®C.). — The reactions started in the preceding 
zone continue and are in part completed; the effect of C becomes more marked than 
that of CO. The CaS04 in sintered ore as well as BaS04 in raw ore are more or less 
reduced to CaS and BaS to be dissolved later on mainly by the slag. The dissociation 
of carbonates is about completed, CaCOg at 910®. The union of SiOa with unreduced 
PbO and PbS 04 begins, as does the decomposition of PbS, PbAs,, and PbSby by Fe; 
sulphurization of Cu begins at about the same temperature. Matte of eutectic com- 
position begins to soften. Everything is prepared to be liquefied and to bring to 
completion the chemical processes. 

4. Zone of Fusion (900 to 1200®C.). — The reductions of oxides, including ZnO, 
and decompositions of sulphides are completed; ascending Zn vapor is oxidized and 
sulphurized. Lead reduced in the upper parts of the furnace trickles through the 
charge, picking up Ag on its way, and acting possibly upon lead arsenate and antimon- 
ate; it joins the Pb set free lower down from PbS, PbA^, PbSby and continues to take 
up Ag. The sulphides of eutectic composition, which softened higher qp, become 
liquid and dissolve other sulphides to form matte with a melting point l3ring below that 
of slag formation, The slag components SiOa, FeO, and CaO form a slag of lowest 
formation temperature and this, trickling downward, dissolves the remaining SiOi, 
FeO, CaO, as well as other bases, such as AlgOs and ZnO. Scorified PbO is set free 
and reduced by C to Pb. The three main products — ^lead, matte, and slag — settle in 
layers according to their specific gravities; lead passing downward through slag and 
matte robs them of some precious metal; matte in a similar way remove Pb, Cu, and 
Ag from the slag; at the contact planes of the products, interchange of oomponenta 
takes place to a moderate degree with a tendency to collect sulphide in matte and 
metal in lead. The lead passes off throtig^ the lead well; speiss, matte, and dag ai^ 
tapped into the forehearth, from which sli^ overfiows into a wastendag pot or granu^^ 
iiig apparatus, and speiss and matte are tapped pmodically into suitable receivers;; V , 
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Mechanicd Feeding of Charge. — ^Tbe metallurgical and practical buccobs of a 
blast-furnace operation depend as much on a proper physical condition of charge and 
its accurate distribution in the furnace shaft, as on the actual constituents of the charge 
and their accurate calculation by the metallurgist in control. One of the greatest 
steps in the advance of lead blast-furnace work occurred when the old hand-feeding 
methods were replaced by mechanical feeding, about 1900, along lines developed by 
A. S. Dwight in Montana. This mechanical-feeding system and the general adoption 
of sintered products in the ore charge constitute the major improvements in the smelt- 
ing of lead that have been developed in many years. Tonnages and metallurgical 
recoveries were enormously benefited by these steps, which almost revolutionised 
art. 

Charge components, made up of ore, flux, fuel, and secondary products, va 
greatly in size. In an ideal assortment of sizes, about one-third of the charge woe 




Fio. 5. — East Helena feeder with Dwight spreader. 


be in pieces 5 to 2 in. in diameter, one-third 2 to in., and the remaining third H in. 


down. 

A coarse charge is preferable to a fine one, as the ascent of gases is more uniform; 
if too coarse, however, the gases pass up and away too quickly and do not get in their 
proper work on the descending charge. A fine charge obstructs the flow of gases to 
too great an extent, and the gases tend to break through at various points in the form 
of blowholes, which upset the chemistry and operation of the furnace completely and 
cause loss by carrying off dust and fume. In furnace work there is always the danger 
of fines trickling through the coarser parts of the charge and reaching the smelting 
zone in a crude state, chilling the furnace, and even clogging the tuyeres. In modem 
smelting, with charges made up largely of sintered materials, the fines have been 
reduced to such an extent that they seldom cause trouble. 


In general, the coarser parts of the charge must be placed toward the center of the 
shaft, and the finer material toward the side walls. The ascending gases have a 
tez^depey to hug the sides of the shaft, and their passage must be adjusted by charge 
Lition, so that the gas current will ascend evenly and uniformly over the whole 
i of the smelting column. The method of mechanical feeding developed at East 
k by Dwight in 1900 is at present in use at the majority of plants, in more or less 
i forms. The principle used is shown in Fig. 6. 
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Bie contents of the ehatge car (4 tons) drop onto an A-shaped spreader which 
throws everything toward the sides of the ^rnace shaft where the bulk of the fines 
remain, while the coarser parts roll down the inclined surface or trough of the descend** 
ing charge and gather along the center axis. To prevent carrying this segregation dt 
coarse and fines too far, a modification of the Dwight spreader was adopted by W. W, 
Norton at Murray, Utah, in which the A-shaped spreader, instead of being a solid 
casting, was made up of several parts separated by open spaces, or slots, as shown in 
Fig. 6. The charge, on dropping onto this spreader, is not all deflected toward the side 
walls, but a portion falls directly through the slots and lands in the center of the 
furnace. A satisfactory distribution of charge results, much fine with some coarse 
along the sides, and much coarse with some fine along the center. 

With charges in recent years made up so largely of sintered product, and the 
consequent greater smelting speed of the furnace, there is less danger of the heat 



Fig. 6. — Dwight-Norton spreader. 


creeping up in the furnace, and there is now a tendency to try to distribute coarse and 
fine more evenly through the furnace. 

Smelting Lead Ores in the Reverberatory Furnace, — Until within comparatively 
recent years the smelting of sulphide lead ores in the reverberatory furnace was very 
coimnon, especially in England, Belgium, and Austria. Since sintering has come into 
general use, however, reverberatory work has become nearly obsolete. In the United 
States in 1877 there were 56 reverberatory furnaces in operation in Missouri, in 1940 
only 2. 

The process involved was the roast-reaction, or air-reduction, process, based on 
the reactions between PbS, PbO, and PbS 04 at temperatures below lOOO^C., which set 
free Pb and SOj. The precipitation process, based on the decomposition of PbS by 
Fe, was formgply in operation with raw lead ores in France and in the United States at 
one plant at Chicago, also with roasted ores in Cornwall. The precipitation process, 
as a separate procedure, has been given up because of high cost and heavy loss ti 
metal 

The roast-reaction process in the rev^beratory furnace involves two operatiottS^ 
omdal^n knd reduction, one following the other closely, and both b^g repeated 
semid times. The finely crushed ore, spread in a layer 4 jn. deep m Ihe het^^ m 
hcfited gradually to a full red (500 to 600‘^C.). The roasting is carried on in suoh a 
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way that only a part of the PbS is converted into PbO and PbS 04 , the rest remaining 
undecomposed. The second step of the operation is that of raising the temperature to 
about 800°C. so that the oxygen compounds may react on undecomposed sulphide. 
The resulting metallic lead runs down the inclined hearth and collects in a basin, the 
SO 2 escapes into the flue, and the residue remains on the hearth. The temperature 
must remain low during this reduction period, so that the charge will not melt, but will 
remain in a pasty condition. The reactions are imperfect if the ore is melted. 

It was found to be impossible to roast a large amount of lead ore uniformly in one 
operation in this manner. The first reaction that takes place on raising the tempem- 
ture will not extract all the lead. The residue will contain rich PbS, with some lead 
oxide, lead sulphate, and lead silicate. The temperature is lowered, air admittW, 
and a second roasting takes place, followed by a second reduction. This cycleAis 
repeated several times before the bulk of the lead is extracted. With each successive 
reduction, the temperature must be raised slightly, as the amount of lead diminishes. 
To counteract the melting of the charge, slaked lime is added. Toward the end of the 
process, there will not be enough PbS left to react on the PbO and PbS 04 , and to 
reduce these, coal is mixed in. Each successive operation is of shorter duration than 
the preceding one, and the metallic lead obtained is each time a little less rich in silver. 

The products of reverberatory smelting are as follows: 

1. Lead, If clean enough this can be rendered fit for market by simply liquating 
and poling; if it carries silver, arsenic, antimony, or copper, refining must be resorted 
to. 

2. Gray Slag. This is a more or less matted mixture of lead (PbS, PbO, PbS 04 , , 
PbSiOs), gangue, cinders, and lime, with some silver. Jt is crushed and smelted in 
the blast furnace. 

3. Flue Dust This consists mainly of oxidized compounds and is worked in with 
subsequent charges, shortening the time required for roasting. If very impure, it is 
smelted in the blast furnace, with the gray slag. 

4. Hearth Bottom. This consists of hearth material impregnated with metal. 
It is worked up in the same manner as the residues. 

Limitations of Roast-reaction Process. — To be suited for the reverberatory furnace, 
an ore must be a rich galena, or a mixture of galena and carbonate, that does not con- 
tain less than 60 per cent Pb, 70 per cent being preferable. It may not contain more 
than 4 or 5 per cent Si02, and its content of zinc blende, pyrite, chalcopyrite, calcite, 
and barite must be low. The process takes heavy fuel and much skilled labor. 

Classification of Reverberatory Methods. — Reverberatory procedure varies widely 
in different countries, three distinct methods of reverberatory work being recognized. 
Carinthian, English, and Silesian. Some of the principal plants work toward the 
object of extracting as much lead as possible in the reverberatory (Carmthian and 
English), while others supplement the reve»'beratory by the’ blast furnace, taking 
out only a major portion of the lead in the former. The rich residue from the rever- 
beratory, smelted in the blast furnace, permits a higher total extraction (Silesian). 
Some establishments roast the ore slowly at a low temperature, thereby obtaining a 
maximum recovery of lead (Carmthian and Silesian), while others conduct a hurried 
high-temperature roasting, aiming to save time and labor at the expense of metal 
(English). Reverberatory furnaces vary in form and size also. ^ 

The Carinthian method is distinguished by the smallness of the charge, slow roast- 
ing, low temperature of all operations, and the extraction of all the lead in the rever- 
beratory. The hearth is inclined toward the flue and the lead collected outside the 
furnace. 

The English method is marked by a large charge, quick roast, high temperature 
throughout, and extraction of all the lead in the reverberatory. The hearth slopes 
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toward the middle of one of the sides, and the lead collects inside the furnace, being 
tapped at intervals into an outside kettle. 

The Silesian method is characterized by a large charge, slow roasting, and a low 
temperature, the lead being only partly recovered in the reverberatory, which is 
supplemented by the blast furnace. The hearth is inclined toward the flue, beneath 
which the lead is collected and tapped at intervals into an outside kettle. 

The Silesian furnace (Tarnowitz) is shown in Figs. 7 to 9. 



Smelting Lead Ores in the Ore Hearth. — The ore hearth has come back into an 
important position in the lead industry during the present century. It is an ancient 
method, with operating principles that may be said to be intermediate between a 
reverberatory and a blast furnace. At first the only method for working low-silica 
high-grade galena ores, it passed into disuse and became largely replaced by the 
reverberatory furnace, but the reverberatory has given way, with the advent of the 
baghouse and Cottrell electrostatic processes for the collection of fume and dust, 
and the ore hearth, in modern mechanical form, has taken a new lease of life. In 
1914, there were in operation in Missouri alone 75 ore hearths (hand operated) with 
an annual capacity of 230,000 tons of galena concentrate; by 1923, the Newnam 
mechanical ore hearth had replaced all the hand hearths on the American continent; 
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about fifty of these furnaces were in operation in 1941 with a capacity of 600,000 tons 
annually. 

Plants have also been erected, and are at present in operation, in Canada, England, 
Spain, and South America, treating not less than 60,000 tons. 

An ore hearth is, essentially, a low fireplace surrounded by three walls, with one 
or more tuyeres at the back. It is invariably made of cast iron. In the front there 
is a cast-iron ‘^work plate,” with a groove to carry off the reduced lead into a kettle. 
There is usually a partial front wall composed of a thick bar of iron, but often the 
front is simply a dam formed of ashes and powdered galena which is impervious to 
melted lead. The sides and back must be of iron in order to admit of chipping offj 



the half-fused masses of slag that constantly adhere to thcnn; th(»y may be cooIchI 
simply by radiation from large heavy castings (Scotch hearth), by a current of air 
(Rossie hearth), by a water box (American water-back hearth), or by both air and 
water boxes combined (Moftet-Jumbo hearth). These differences may conveniently 
be taken as indicating the four distinct modifications of the hearth process, though the 
manipulation is much the same in all. The Newnam mechanical hearth, water- 
cooled, is, of course, a fifth type. 

The process carried on in the ore hearth is mainly the roast-reaction process, 
i*esembling that of the reverberatory furnace, but differing in the respect that roasting 
and reduction go on simultaneously and that there is considerable direct reduction Oi 
lead oxide to metal })y the carbon of the fuel. The (diarge — ore and fuel — floats on 
a bath of molten lead; the PbO and PbS 04 react on undecomposed PbS; some Pl>0 is 
reduced by C; and the metallic lead trickles through the charge to the bottom, over- 
flowing into an outside kettle. 

, llie character of the ore to which the hearth process is adapted is determined 
|i;(pch the same limitations as for the reverberatory furnace. These limitations, 
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however, are even more strict than for the reverberatory; the Pb content (usually 
70 per cent) should not be less than 66 per cent, the ore should be coarser (necessitating 
preliminary pugging or agglomerating, if too fine), and only low-silver ores should be 
treated. This last restriction is duo to the fact that much lead and silver is vola- 
tilized, under the blast of the ore hearth. With the development of methods of 
recovery of dust and fume in baghouses and Cottrell plants, these volatilization losses 
are, of course, greatly reduced. 



ITgs. ](>-n. — Hand-operated ore hearth (English), 

The ore hearth has one great advantage over the reverberatory — it is quickly 
started and stopped, without much loss of fuel or heat, and is, therefore, adaptable to 
the intermittent extraction of lead from small amounts of nonargentiferous ore. It 
also consumes less fuel than the reverberatory, but requires purer and tiigher grade 
ore. 

On the nonargentiferous high-grade lead ores of the Mississippi Valley, the 
mechanical ore hearth is almost supreme, although one large smelting plant remains 
still an advocate of the blast furnace as a method of primary treatment. The other 
major smelter reduces galena concentrate of about 70 per cent grade to bullion and 
gray slag on mechanical ore hearths, utilizing the blast furnace only as secondary 
equipment for the smelting of gray slag. Both methods are conducted with high 
efficiency, and the blast-furnace procedure has ardent advocates, but the high-grade 
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ore of the district is peculiarly adapted to ore-hearth treatment. On ore of 70 per 
cent grade, or better, a 65 to 70 per cent lead extraction is obtained, as bullion, on the 
hearth; if the concentrate is 80 per cent grade, a 90 per cent extraction, or better, is 
possible, coke requirements being 3 to 5 per cent breeze. Of the lead charged, 15 
to 20 per cent is rehandled as baghouse dust and fume, but this is largely PbS 04 
and PbO, which is of immense assistance in the ore-hearth process, which depends 
on the interaction of gahma with the oxide or sulphate to form SO 2 and precipitate Pb. 
If there were a sufficient amount of oxidized product present to oxidize all the PbS, 
it would be possible, theoretically, to reduce and recover all the lead in both forms 
with but little extraneous heat. 

About 10 to 15 per cent of the lead goes into a 50 per cent product — gray slag — 
which must be re-treated, and which makes an excellent material for rapid, efficient 
blast-furnace smelting. The Collinsville, 111., plant, as will be seen from the blast/- 
furnace table, using Newnam mechanical ore hearths (and blast furnaces for auxiliary 
treatment), maintained an abnormally high smelting speed on its blast furnaces, 7.9 
tons of charge per square foot of hearth (blast-furnace) area, owing to the easy smeif- 
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Pigs. 12-13. — Rossie air-cooled ore hearth. 


ing characteristics of gray slag which formed the principal constituent of its blast- 
furnace charge. On the other hand, it is t/O be noted that the Herculaneum plant with 
80 per cent of its blast-furnace charge made up of Dwight machine double-roasted 
concentrate, and with no ore hearths or gray slag involved, has smelting speeds of 
6.3 tons charge per square foot of blast-furnace hearth area. It has been found that 
the flotation concentrates of the Mississippi Valley, carrying 56 per cent h*ad, are not 
advantageously treated on the ore hearth, but must for maximum economy be double- 
roasted and smelted in the blast furnace. 

The products of the ore hearth an! similar to those of the riiverberatory, with the 
added product of ‘"browse," a mixture of ore, slag, and fuel, which goes back to the 
charge in the ore hearth. 

Being a simple type of metallurgical furnace, the ore hearth shows but little variety 
in construction or manner of operating. The four early hand-operated forms, shown 
in the accompanying illustrations (Figs. 16 to 20), differ somewhat radically from the 
mechanical furnace, the Newnam hearth, shown in Figs. 21 to 33. 

Scotch Ore Hearth. — Figures 30 and 11 show a furnace used in PJngland. The 
cast-iron box a set in brickwork q measures 2 ft. (front to back) X 2H ft, (width). 
It is 1 ft. deep, and holds about 2 tons of lead. Work stone g, an inclined plate, is 
cast in one piece with the hearth box. Groove h leads the overflowing lead to kettle t, 
heated from fireplace >, the gases passing off through a flue into chimney I On either 
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side of the hearth box is a cast-iron block n, and another iron block o is at the back. 
This back stone is perforated for the tuyere 6, entering the furnace about 2 in. above 
the surface of the lead in the hearth, p is an upper back stone, or cast-iron block; 
the fore stone m is small. Brick shaft c carries off the fumes; at the back is a pit d, 
or dust chamber, cleaned through door e. On the side of the shaft is feed door fc, for 
introducing fuel and removal of slag crusts at tuyeres. Charge is fed from the front. 
A shutter / is in place at the front of the hearth; sliding in a frame r, it is raised and 
lowered by counterpoise s. 

Bituminous coal is used as fuel. After operating for 12 to 15 hr. the hearth 
becomes too hot and must be cooled for about 5 hr. before work can be resumed. 

The Rosftie, or A ir-cooled^ Hearth. — Figures 12 and 13 show an arrangement of ore 
hearth in which th(? sides and liack are air-cooled. The cast-iron jacket D has an 
air space inside. Blast enters at E, passes through />, leaves at F, and is delivered to 
tuyere G. This cools the walls of the hearth and preheats the blast. The Rossie 




Fros. 14-15. — Original American ore hearth. 

hearth could be usc’d continuously, but the hot blast caused excossiv(j volatilization, 
and this hi'arth was abandoned until recovery of fume became possible, when it was 
again brought into use. 

Original A merican Water-back Ore //car^^.— Figures 14 and 15 show the water- 
cooled or(^ hearth, in whi(‘h work is continuous, owing to the cooling of the sides by 
water, whit^h enters at i and passers out at k. 

Modern Amcricxin Water-back Ore Hearth. — In this furnace the cast-iron hearth 
box is supported by short columns in order to air-cool the lead ; the upper sides are 
two water-(^ooled castings; the inside working length covers about 4 ft,; and tw^o hoods 
are provided, an inner smaller one for carrying off dust and the bulk of fume by means 
of a suction fan, and an outer one for removing the remaining fume by natural draft. 
Such a furnace is shown in cross section (in Fig. 16). 

Moffet Ore Hearth. — Figures 17 to 20 show the combined water- and air-cooled 
hearth, in double form, i.e.j two hearths placed back to back, under one hood. A 
water box cools the hottest part of the furnace, and upon this rests the air box, con- 
sisting of two separate chambers where the heated blast passes down through the 
water box by means of fourteen 1-in. copper tuyere pipes, seven on a side. 

Netvnam Mechanical Ore Hearth. — Thh hand hearths have all given way to the 
Newnam mechanically rabbled furnace, shown in Figs. 21 to 35. Figures 21 and 22 
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give a front and side elevation ; Figs. 23 and 24, horizontal and vertical sections of the 
lead basin; Figs. 25, 26, and 27, elevations and sections of middle water jacket; Figs. 
28, 29, and 30, elevations of right and left end jackets and section of right end jacket; 
Figs. 31, 32, and 33, details of cast-iron stand supporting the lead basin; and Figs. 34 
and 35, perspective views of the furnace with rabbling mechanism at beginning and 
end of trip. 



The basin of the Newnam hearth shown is 8 ft. long, 19.5 in. wide at the top, 10 in. 
at the bottom, and 10 in. deep. The furnace has 12 tuytVes. Ltiad discharges from 
the basin through siphon tap e (p"ig. 23). The furna(!e is shown in perspective (P'igs, 
34 and 35), because the full assembly of detail drawings would be unnecessarily 
voluminous. The rabbling machine is hung from an overhead traveling carriage. 
This carriage starts from its position of rest at one end of the furnace. On the pulling 
of a lever, and during the trip to the other end, the rabble arm is given a motion similar 
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to that of the hand rabble. When the rabble arm is withdrawn from the fire, the 
carriage moves ahead 4 in, and starts the rabble on the next stroke. When the car- 
riage reaches the opposite end of the furnace (Fig. 35), it is stopped automatically, the 
rabble arm withdrawn, and the carriage returned to its original position. A 1-hp. 
motor is sufficient for driving the axles of the carriage and the rabble arm. 

The mode of operating with the Newnam mechanical hearth is the same as that in 
a hand-worked hearth, except that stirring is done by machinery. The first step in 
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Figs. 17 -20. — Moffet ore hearth. 


the normal working of an ore hearth is to spread a few shovelfuls of coal over the fire, 
and then a thin layer of ore mixed with 0.5 to 1.0 per cent lime. The fire is left undis- 
turbed for a short time — 1 to I }4 — during which the charge is more or less 

oxidized, the flame breaks through, and the ore surface becomes crusted. The rabble 
arm thrusts over the edge of the basin into the lead and raises and loosens the slightly 
caked mass. As the mechanical arm rabbles the charge, one man follows it, pushes 
back the loose charge with a shovel, and drags the gray slag onto the apron plate. He 
is followed by a second man (charger), who transfers the gray slag to the water box, 
spreads a thin layer of ore onto the charge’, and adds coke breeze as needed. By the 
time the trip to the end of the hearth has been covered, the ore first charged at the 
other end is ready to be rabbled. 
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The charge is made up of either galena alone, or galena mixed with sintered bag- 
house fum<i. Slaked lime was formerly used as a flux; with the substitution of coke 
breeze for bituminous coal, the greater heat generated has permitted the use of lime- 
stone. Fuel used ranges from 3 to 8 per cent of the ore mixturp 
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Fig. 34. — Rabbling mechanism — beginning of trip, 
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Fig. 35. — Rabbling mechanism — end of trip. 

From the ore hearth the lead is collected in a pot, in which it is drossed. It is 
cleaned by liquating and poling, and is then cast into market bars, unless H is to be 
desilverized in the refinery. The yield in pig lead and the elimination of sulphur are 





Table 6. — Examples of Smelting in the Ore Hearth 
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greater in the Newnam than in the hand hearth^ the work easier and more healthful, 
and the cost much less. 

Data from leading ore-hearth plants have been assembled (by Hofman) as shown 
in Table 6. 

Desilverization and Refining of Lead Bullion. — The lead obtained from the ores 
of certain nonargentiferous districts — notably Missouri, Wisconsin, and a part of 
that from Spain and Germany — is comparatively free from silver as well as from base 
metals and can, therefore, be used in manufacture practically as it leaves the smelting 
furnace, after a simple ^‘poling or blowing with steam, followed by drossing. All 
the lead produced in blast furnaces from complex ores, however, contains at least 
enough silver to pay for extraction and, also, impurities which must be removed from 
the lead before it is fit for the market. 

A desilverizing (refining) plant has for its task not only the separation of silver 
and the other precious metals (An, Pt., Pd) from hiad, but also the removal of the 
impurities Cu, Zn, Sn, Bi, As, Sb, S, Fc, Ni, Co, To, and Sc and the consequent con- 
centration of a bullion carrying 95 to 98 per cent lead to a refined lead of not less than 
99.73 per cent lead. These impurities themselves must also be worked up into 
salable products. 

The standard methods of desilverizing and refining lead bullion are four in number: 
cupellation, Pattinson process, Parkt's process, and Betts electrolytic process. Cupel- 
latiou has ceased to exist as an independent process, but follows the processes of 
Pattinson and Parkes as an auxiliary. It can be adopted alone, however, in spite of 
its high losses and labor costs, for the treatment of rich lead in inaccessibh* districts 
where silver is the valuable metal sought. Up to the introduction of the Pattinson 
process, all argentiferous lead was cupeled; but costs and metal losses are so high 
that a limit is soon reached where the separation of silver by cupcdlation is not eco- 
nomical. This limit is at about 50 to 60 oz. silver per ton of lead. Below this grade, 
the silv(*r recoven'd will hardly pay for the labor, fuel, and material used, the loss in 
metal, and the inferior grade of lead obtained from the subsequent reduction of the 
litharge produced in (mpellation. It becomes necessary, then, to concentrate the 
silver into a smaller amount of lead before cupeling, and this is done by the Pattinson 
and Parkes processes. The process of desilverization must be preceded by a complete 
drossing of the furnace lead for removal of copper, either by poling and cooling or by 
the use of sulphur. This drossing is followed by a process of oxidation to remove 
other metal impurities. This oxidation is called softening in America and “ improv- 
ing^^ in England. The Parkes process must be followed by a refining or dezinking 
operation to remove the zinc left in the lead by the process, and to remove small 
tra(!es of other impurities. Almost all the impurities in the furnace lead interfere, 
to a greater or less degree, with desilverization by cither the Pattinson or Parkes 
processes. Generally speaking, the Parkes process requires a purer bullion than the 
Pattinson. 

Arsenic and antimony are the most troublesome impurities, even when present in 
very small quantities. Next in order come tin, sulphur, iron, nickel, cobalt, and 
tellurium. Fortunately all these have a greater affinity for oxygen than lead and 
can, therefore, be largely removed by simple oxidation at a low red heat and a skim- 
ming of a molten bath. 

Copper has less affinity for oxygen than the other impurities mentioned and is 
only partially removed by oxidation. It does form, however, an alloy with part of the 
lead itself, which is less fusible than pure lead, and resort is had to this characteristic 
to accomplish its removal in the ordinary drossing operation. Copper may be reduced 
to 0.002 per cent or less by treatment with sulphur, rapid agitation, and cooling to 
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just above the freezing point of the lead. The copper is removed as sulphide with a 
considerable amount of lead in the form of a dry powdered dross. 

Bismuth cannot be practically separated from k^ad by oxidation, as it has less 
affinity for oxygen than has lead itself. It does not interfere with desilverization but 
remains with the refined lead in the Parkes process. For most commercial uses of 
lead, bismuth is not an undesirable impurity; for some applications its presence in 
small amounts is very btmeficial. For the production of white lead by the old Dutch 
prottess, however, its presence is undesirable, since it gives the product a gray color. 
The standard specific^ations for commercial grades (see page 145) limit the bismuth 
content of corroding lead, used for Dutch process white lead, to 0.05 per cent. Other 
commercial grades may contain up to 0.25 per cent bismuth, llemoval of bismuth 
in the Pattinson process is not complete but is .sufficient for some purposes. In the 
Betts electrolytic process, removal of bismuth is complete, since bismuth is not 
deposited on the cathodes but remains in the anode slinje. Bismuth is reduced to 
0.02 or low(U’ economi{;ally by the Kroll-Betterton process by the use of magnesium 
and c.alcium as reagents. 

'Die many advantages that the Parkes process has over that of Pattinson have 
made it the preferrc^d and most generally used desilverizing process in American prac- 
tic,e. The Park(‘s method is lower in operating cost; produc-eis market lead lower in 
silver contcmt (0.10 to 0.20 oz. a.s compared with 0.40 to 0.60 oz. p(T ton by the Pattin- 
son pro(a*ss); completely recovers even small traces of gold; produces a lead for 
cu])ellation with 2000 to 15,000 oz. silver per ton, as compared with 500 to 650 oz. 
by Pattinson ; and shows a much lower loss of lead and silver. 

A combination of the Parkes and Pattinson processes is sometimes used wlnm 
bullion is higli in liisinuth, the de.silverizing being perfornmd by means of the Parkes 
process and tin’ bismuth content of the desilverized lead being lowered by Pattin- 
sonizing to 0.05 per cent, the dividing line between corroding and noncorroding lead. 
In more modern practice, combinations of the Parkes and the Kroll-Bctterton process 
or the B('tt,s process are used, which make it possililo by combination of production to 
produce' a range of bismuth (content represi'iiting all commercial grades. 

Softening. — The soft<ming or ‘‘improving’^ of lead bullion as a preliminary to 
d('silv<^rizing by ('ither the Parke.s or Pattinson proc'ess is e.ssential. This is partially 
ac'.complished in the drossing plants of lead blast-furnace smelteries which have no 
refinery on the prcmise.s and nuist therefore ship their base bullion to distant points 
for d(^silvcrizing. The major part of the softening operation is accomplished in any 
case at the refiiK'ry proper. In the Park(*8 process it has been shown that a decided 
saving in zim; consumption exists between th(j respective treatment of bullion that 
has been softened and bullion that has not been softened. For an unsoftoned bullion 
containing 4.5 per cent foreign metals such as copper, arsenic, and antimony, 2.87 per 
cent zinc was required to desilverize the lead, whereas 1.75 per cent zinc sufficed if 
softening had pr(‘(;eded desilverization. The relative recoveries of market lead were 
43 and 72 per cent of the bullion charged. 

Softening has for its object the removal from the blast-furnace base bullion of 
tht' impurities that interfere with desilverization, mainly copper, tin, arsenic, anti- 
mony, and sulphur, (lopper is best removed by a separate drossing operation prior 
to softening, but this operation is sometimes combined to some extent with the 
softening operation. 

Furnace Softening. — The operation consists of two stages, liquation or drossing 
and oxidation. By liquation, metals held in solution by the furnace lead are separated 
from the lead by slow' melting at a low temperature. By oxidation, which later 
occurs when the temperature is raised to a bright red with introduction of air or 
steam, metals alloyed with the lead are converted into oxides. These are to some 
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extent volatilized, but mainly combine with the PbO, formed at the same time, and 
are slagged off. 

In the first step, the bullion is slowly melted at 370 to 380*^0. and there rises to 
the surface a dross consisting principally of copper, sulphur, arsenic, and lead. In 
the second step when the temperature has been raised to a good red heat, the three 
principal impurities alloyed with lead are oxidized in the order tin, arsenic, and anti- 
mony. The surface of the bullion becomes coated with dark yellow powdery ^Hin 
skimming,^* mainly antimoniate and stannate of lead and antiinoniate of tin. As 
soon as the tin skimming has been removed, the lead begins to give off fumes of arsenic 
and antimony, and arsenate and antimoniate of lead begin to form. These are drawn 
off together as an “antimony skimming** after the furnace has been cooled sufficiently 
to cause the skimming to solidify. The last traces of antimony come out with diffi- 
culty, and to hasten the process rich litharge from the finishing cupels can be stirred 
into the hath. 

Jets of air or st(»am are introduced through perforated pipes, to stir the bullion 
and hash'll the oxidation. Before the antimony has been removed, a sample of the 
bullion will “work,” f.e., it will show small greasy particles of revolving black skimming 
on the surface of the lead. As the softening approaches the end point, these globules 
disappear and a thin yellow litharge forms. 

In the continuous lead-n'fining process developed at Port Pirie, South Australia, 
discussed in more d<*tail later, furnace softening is carried on continuously in a com- 
paratively small water-cooled reverberatory furnace into whic'h bullion containing 
0.80 per cent antimony and 0.30 pi'r cent arsenic flows at the rate of 2C tons per hr., 
and from which .softened bullion containing 0.03 per cent antimony and 0.0004 per 
cent arsenic and a slag containing 8.0 per cent antimony flow continuously. The 
mixture of molten lead and slag flows continuously through a heated forehcarth where 
the two separate by gravity and are withdrawn separately in a molten condition. 
The temperature of the softening reverberatory is maintained at 760®C. Air is 
introduced through water-cooled pipes submerged in the molten lead, and the oxida- 
tion reaction supplies the greater part of the heat required for the operation. 

Three softening processes are in general us(‘. Chemically the process is the same 
in each; however, the difference in equipment and operation is considerable. These 
are (1) batch-furnace softening, (2) continuous-furnace softening, and (3) Walker 
process or kettle softening. 

In (1), a batch of 50 to 300 tons of molten bullion is held in a nwerberatory furnace 
and agitated with air or steam at about 650®C. until the arsenic, antimony, and tin 
are lowered by oxidation to the desired amount. The temperature is lowered, and the 
aoxides are skimmed off as a solid skim or semimolton slag. In (2), the molten bullion 
flov/8 continuously through a small reverberatory heated to about 760®C. and is 
strongly agitated with air. The arsenic, antimony, and tin with some lead are oxi- 
dized to form a slag that is liquid at this temperature. The molten lead and slag 
flow continuously from the furnace to a heated forehearth where they are separated 
by gravity. In (3), the molten lead in batches of 100 to 250 tons is heated in kettles 
to about 675°C., covered with a layer of hydrated lime, and strongly agitated by 
mechanical stirring, or air is introduced below the surface. The arsenic, antimony, 
and tin are oxidized with some lead. The molten oxides are collected or “blotted** 
off by the lime, maintaining a clean metal surface for rapid oxidation. The oxide- 
lime mixture collects as a dry pelletized dust-free skim, which is skimmed off the surface 
of the lead. The metal of the kettle is protected by the use of lime from the 
corrosive action of the molten oxides of arsenic, antimony, and lead which would other- 
wise attack it at this temperature. This method may be applied to refining or dezink- 
ing lead with the same advantage, so tar as protection of the kettle is concerned; 
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however, the amount of skimming produced is excessive, and the method has no 
economic advantage over other dezinking methods. As a softening method, it has 
proved very successful. 

The furnaces used for softening and refining or dezinking in American practice 
arc shown in Figs. 36 to 43, 

The construction of the reverberatory furnace used for continuous softening at 
Port Pirio is shown in h'igs, 44 to 59. 

The fuel consumed in furnace softening ranges from 2 to 12 per cent, and averages 
5 per cent soft coal, by weight, of the softened lead producf‘(l. Fuel oil is in some 
localities considerably more economical. 

The time re(| wired for removal of arsenic and antimony by furnace softening varies 
with the size and design of the furnace, the temperature, the amount of air introduced, 
and other details of the operation. The rate of removal falls off as the impurity con- 
tent is reduced. The total softening operation in practice includes of course the time 
of filling and emptying the furnacti also. In general, it may be said that in a furnace 
of tliis capacity the (‘omplete sof timing of a charge of 200 tons of lead containing 1 per 
cent ars('nic plus antimony will require 30 hr. 

At Port Pirie a bullion containing 0.80 per cent antimony and 0.30 per cent arsenic 
is softened in the furnace illustrated at the rate of 26 tons per hr. 

Colcord Process. — I'liis process removes copper and arsenic from the bullion as 
the first operation in refining prior to softening. Sulphur is stirred into the metal 
with a mechanical stirrer at a temperature of about 350“C., which is sufficient to catise 
the sulphur to unite with the copper. The temperature is then raised to about 
400‘‘C. until tlu^ copper sulphide readily separat(‘s as a dross. The next step is to 
add caustic soda to the metal, raise the temperature to between 500 and 600°C., and 
thoroughly stir the caustic soda into the melal, using a mechanical stirrer, air jet, 
or other mechanical means. Arsenic contents of the metal can be reduced to any 
desired (uiantity by fractional additions of caustic. The sodium arsenate in the 
caustic, skim is suitable for the manufacture of insecticides by leaching with water. 
The leached residue, containing lead and a little antimony, can be readily treated. 

After the softening operation, the bullion goes to whichever desilverizing process 
is provided and the desilverizt'd lead must then pass to a refining or dezinking treat- 
ment for the removal of tin*, zinc remaining frt)m the Parkes process (0.55 per cent), 
as well as the small amounts of arsenic and antimony that may not have been entirely 
removed during the softening or that were introduced with the zinc used in d(‘silveriz- 
ing. If the desilverizing has been by means of the Pattinson process, refining is some- 
times necessary to remove the arsenic and antimony retained in the crystallized 
lead. 

Harris Process. — The Harris process of softening and dezinking by the use of 
sodium hydrate is now in use at refining plants in England and on the continent, in 
Mexico, and in North Africa. This process is applicable to softening or dezinking 
of desilverized lead. It thus both precedes and follows the standard desilverizing 
operation by either the Parkes or Pattinson process. 

The process is designed to accomplish the removal of such impurities as arsenic, 
antimony, and tin from base bullion or any other metallic lead material, and the 
removal of zinc from desilverized lead. 

This is done by bringing about an intimate contact between the metal, at a tem- 
perature not greatly in excess of its melting point, and molten sodium hydrate. A 
clean scjparation takes place, thereby, of the lead from its impurities, arsenic, anti- 
mony, tin, and zinc, which are quantitatively collected in the form of their oxides or 
oxysalts, suspended in or otherwise associated with the molten caustic. The mixture 
of caustic and oxide is then treated by a wet process for the recovery of the contained 




Figs. 49-59. — Details of softener. Port Pirie, Australia. 



LEAD 


199 


reagents and of the oxides and oxysalts derived from the impurities removed from the 
lead. 

The circuit of the wet process is closed and complete, rendering a recuperation of 
95 per cent of the free reagents possible, which, in turn, are used again in the process. 
The impurities are also completely and separately recovered and are free from either 
lead or other impurities. Arsenic and zinc, the latter from desilverized lead, are 
directly obtained in salable form, the former as calcium arsenate, the latter as zinc 
oxide, while the recovered antimony and tin compounds can readily be reduced to 
metal. The essential feature of the Harris process is that a clean separation of the 
constituents of the bullion is made possible, each being recovered completely and in 
mark(‘tHble form, llie operation is all perform(‘d in, and above, the regular refinery 
kettle, without furnaces. The pumping apparatus and chemical-tn^atment tank is 
a portable unit which is swung onto the top of the kettle and removed when purifica- 
tion is complete. 

In the usual design of this apparatus the molten mixture of caustic and other 
salts is contained in a small tank through which the molten lead is pumped and allowed 
to overflow and r(*turn fo the kettle. The circulation of the lead through the molten 
reagent is continued until the desired purity is obtained. 

The process is sound and practical in principle and has many advantages, but has 
not be<ni universally adopted, since in practices it cannot always compete economically 
with t)ther proci\sses. WIktc it has been successfully applied, considerable modifica- 
tion has been necessary in most case's to adapt it to loc^al conditions and materials. 

Furnace Refining. — The furnace used for dcizinking and refining is similar in 
construction and operat ion to the softening furnace, <*xcept that a higher temperature 
is requir<‘d. Th(' furnace is filled with desilverized h'ad containing 0.55 per cent zinc 
at a temperature' of 450^0. The temperature is raised rapidly to 750^^0., and steam 
is introduced through subnu'rg<'d pipes. Hie steam aids the oxidation by agitation 
and also by tlie di'composition of water by metallic zinc. The treatment is continued 
until the zinc and antimony are rc'diu'ed by oxidation to approximately 0.001 per cent 
zinc and 0.005 pcT cent antimony. The zinc and antimony, with considerable lead, 
are skimmed from the surfa(‘e of the molten lead in the furnace in the form of a dry 
pow'dery oxide skim, which changes to a molten slag at the end of the operation. 
For a lead containing 0.55 per cent zinc and 0.3 per cent antimony the operation 
requires 12 to 16 hr. and produces about 5 per cent skim, containing about 90 per cent 
lead. (Corrosion of the furnace refractories by the refining skim is very severe. 

Bezinking with Chlorine. — The chlorine dezinking process is the one most 
generally ('injiloyc'd in the lead refineries in the United States. It has the advantages 
that the destructive corrosion of the refinery equipment is avoided and the zinc is 
recovered in a marketable product. The process is conducted in kettles using any 
one of several types of apparatus. One of these, the Betterton apparatus, is shown in 
Fig. 60. 

The molten desilverizt*d load is heated to 450®C. in a kettle and is pumped through 
a chamber where it is brought into intimate contact with gaseous chlorine. The 
zinc contained in the lead is converted into zinc chloride, which separates from the 
lead and floats as a molti'n layer on the surface of the metal. The molten zinc chloride 
is removed from the surface, cleaned by treatment with metallic zinc, and marketed 
as a commercial chemical. The dezinked lead must be given a further treatment to 
remove antimony. This is done euther by oxidation in a reverberatory furnace or 
by treatment with sodium hydrate in a kettle. 

Molding Refined Lead. — Refined lead was formerly ladled by hand from the kettle 
into molds placed in front of it. This operation is now performed by mechanical 
equipment. The refined lead is run into molds either directly from the reverberatory 
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or knttle in which the zinc and antimony have been removed from the desilverized 
lead, or, as is more common practice with plants having large units, the refined lead is 
tapped into a storage reverberatory furnace or market kettle from which it is run or 
pumped into molds. The storage reverberatory is of the same capacity as the refining 
furnace, and its construction is similar, though it is not generally water jacketed. 

A great variety of mechanical casting machines for pig lead have been developed 
and are in use. Each type is usually a local modification of a standard type, though 
some designs have become standardized and are sold by equipment manufacturers. 

The three general types are the “straight line’^ or Walker typo, the “vertical 
wheel ” or Miller type, and the “horizontal wheel” or Newnam type. Much ingenious 
mechanical equipment has been developed for performing the various operations of 
skimming, trimming, stamping, and handling of the bars, and the labor required for 
the molding operation has been greatly reduced. With machines molding an average 



of 35 to 50 tons per hour, lead can be molded, weighed, and placed in stock or in cars 
for shipnumt w'ith a crew of four men, one of whom operates a power trink. 

Straight-line Molding Machine. — The lead is usually run from tliii furnace or 
pumped from a kettle through a pipe, provided with a regulating valve, into a cast- 
iron trough which tilts on trunnions. The side of the trough has a niimb(‘r of 1-in. 
spouts through which the lead flows into the molds \iken the trough is tilted by means 
of an air lift, thus pouring a number of bars, usually five, at one time. I'he molds 
are carried by an endless link-chain conveyer which travels in a horizontal direction 
in front of the pouring trough. The conveyer travels for a distance Ix'yond the 
trough, where the lead in the molds may be skimmed by hand. Th(‘ bars are then 
cooled in travel by water sprays from below and are trimmed and stamped by hand 
or by mechanical devices. The convey(3r then passes up an incline and discharges 
the bars by inverting the molds. The bars fall onto a table or truck and are stamped 
and handled either by hand or mechanically. While some horizontal straight-line 
machines have been designed to start and stop, traveling each time the distance 
represented by a group of bars poured, this slows the operation of the machine and 
introduces mechanical difficulties in preventing vibration and roughening of the molten 
lejad in the molds. For this reason the conveyer usually travels continuously, and the 
pouring trough is arranged to travel with the conveyer while pouring and to be 
returned to its original position at twice the normal speed by an automatic mechanism. 
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Vertical-wheel Machine. — The Miller casting machine consists of a vertical iron 
wheel with water-jacketed molds on its periphery. This machine handles 12 to 14 
tons of lead per hour with three men. 

Horizontal-wheel Machine. — The Newnam casting machine is a horizontal-wheel 
typo of machine that handles 50 tons of lead per hour with four men. The molds 
are arranged in sets of five parallel pigs, supported radially on a horizontal- wheel 
structure. Five pigs are poured simultaneously. As the wheel revolves the pigs 
are cooled, trimmed, and passed under an automatic stamping machine. They are 
removed by a pig-pulling and stacking machine which lifts the pigs out of the molds 
in sets of five and places them in a stack of 35 weighing approximately 3200 lb. The 



Fig. 61 . — Five pigs just being lifted by Newnam pig-pulling and stacking machine. 


stack is picked up by an electric truck of special design which, after passing over the 
scale, places the pile in stock or in a car for shipment. 

The Newnam machine and lead truck are illustrat(id in Figs. 61 1o 63. 

Parkes Process. — This method of separating silver from lead is based on two facts: 
(1) a greater affinity of silver for zinc than for lead, and (2) the insolubility of zinc- 
silver alloys in lead which is already saturated with zinc. The process consists, in 
orief, of stirring 1 to 2 per cent of zinc into a bath of molten lead heated to above the 
me^tirg point of zinc (415®C.) and allowing the mixture to cool, whereupon a crust 
rises to the surface of the molten lead containing nearly all the silver. A repetition 
of the zinc addition, in smaller quantity, gives another, lower, silver crust and leaves 
a molten lead that is practically free from silver, containing usually not more than 
0,20 oz. per ton. 

The zinc crust, which contains considerable lead besides the zinc and precious 
metals, is distilled in retorts for the recovery of zinc and to obtain an enriched retort 
bullion, which is cupeled to produce dor 6 silver, with litharge as a by-product. 

In addition to combining with silver, zinc has an affinity for other metals present, 
notably gold and copper, with both of which it combines before picking up silver. 
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Fig. 62. — Casting wheel, cooling head, and head track. 
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Gold is entirely extracted by the first zinking, and copper enters the zinc crust almost 
as readily as gold, though not quite so completely. The gold-copper-zinc crust is 
formed, containing all but the minutest trace of the gold present, before the lead 
itself begins to take up zinc, the gold-zinc and copper-zinc alloys being apparently 
almost insoluble in zinc-free load. It is impossible, in the case of silver, however, to 
produce a crust without first saturating the lead with zinc. The saturation point is 
approximately 0.55 per cent zinc. 

Bismuth does not interfere with the desilverization, but antimony in amounts as 
small as 0.1 per cent, as well as ansenic in even smaller proportions, not only retards 
the rising of the crust but prevents a clean separation from the underlying lead. If 
the work lead contains 0.1 per cent antimony or 0.05 p(^r cent arsenic, it is difficult to 
produce market hmd suffickmtly low in silver without excessive zinc consumption. 

The importance of thorough soltening is apparent. Arsimic, fortunately, is much 
more readily oxidized than antimony, so that it is completely removable by an 8- 
or 10-hr. softening, and the critical point becomes one of antimony removal. Copper 
is readily rimioved by repeated drossing or in the softening operation. If this has 
not been thoroughly ac^complished, an excessive amount of copp(ir-zinc crust is formed 
in the desilverization Ix^fore any silver can lx* extracted. Nickel and cobalt have a 
tendency to enter the zinc crust like copper; however, both these metals are readily 
removable in the drossing operation. 

In ordinary zinc desilverization, there are present, in varying amounts, besides 
silver, the metals gold, copper, platinum, palladium, ttillurium, bismuth, arsenic, 
antimony, tin, nickel, and cobalt in the base bullion and cadmium and iron in the 
spelter. Of these, silv<;r, gold, copper, platinum, and tellurium readily enter the 
zinc crust. The others do so only to a slig.ht degree;. Ihey interfere, more or less, 
however, with the work, and the zinc consumption is usually increased by their 
presence. The quantity of zinc necessary to ncconiplish desilverization depends, of 
course, on tin* purity of the lead and the amount of silver present. If the lead is 
practically pure, it will hold in solution between 0.6 and 0.8 per cent zinc, at about 
400°C. This quantity lias to be ad<l(*d to the kettle as a constant, before the lead will 
give up any of its silver. Thereafter, the quantity of zinc required for combining the 
zinc ''uth silver must bt; provided on a basis of tin; compound Ag2Zn3. 

In practice, it is not j^raclicable to desilverize high-grade lead bullion by a single 
addition of zinc. If no gold crust is made, it is fairly uniform practice to desilverize 
by means of iwo additions of zinc. The aim is to coneentrate as much silver as 
possible, and all the gold, into the first crust, which w ill contain 2000 oz. or more of 
silver per ton. '^I'his crust is sent directly to the retorts. In the second zinking, 
an excess of zinc over that required for the amount of silver present is used. This is 
necessary if the silver is to be thoroughly removed from the lead. The resulting 
crust is unsaturated and is used to take the place of part of the fresh zinc needed in 
the subs(;quent first zinking. The second crust is low^ in silver content, and may go 
as low’ as 10 oz. per ton. 

The gold is riunoved with the silver, the gold-silver-zinc crust is retorted, the 
retort bullion is cupeled, and the dor6 silver parted either with sulphuric acid or by 
electrolysis. 'J'he making of a separate gold crust is in most cases not economical, or 
usual in the United States, as it requires time and also separate storing and handling 
of two classes of products. The lead bullion also retains small amounts of gold in 
spite of the greatest care given to the gold-crust operation, and thus it is impossible 
to avoid the final parting of the dor6 silver produced. 

For freeing the zinc, crust from mechanically entrained lead, the How’^ard press is 
in general use, r<;placmg the liquating kettles or reverberatory furnaces formerly used 
for this purpose. This press is described later and is illustrated in Fig. 64. 
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The desilverizing operation proceeds as follows: When the softened bullion in the 
kettle has been drossed and brought to about 482®C., blocks of crust from the preceding 
second zinking are charged and sufficient new zinc also is added. In some plants the 
blocks from the second zinking are charged first into the empty kettle, melted, and 
then the spelter added ; following this the bullion is tapped into the kettle from the 
softening furnace and the mixture stirred to incorporate the zinc. In any case the 
crust and spelter must be incorporated into the bullion and the zinc brought into 
intimate contact with the metals gold, silver, and copper by thorough agitation. 
In some plants a small amount of ammonium chloride is thrown into the kettle before 



stirring (about 1 lb. to 10 tons of lead) for the purpose of keeping the tools clean and 
counteracting the oxidation of crusts. Except in vtiry small operations, hand and 
steam agitation have been replaced by mechanical stirring, using the Howard mixer. 
This consists of a motor-driven propeller carried on a vertical shaft and supported 
at the center of the kettle on a removable bridge. The depth of immersion of the 
propeller varies in different plants and in some designs is made adjustable. In the 
original design of this mixer, the propeller was surrounded by a sheet-steel cone or 
cylinder open at top and bottom. In some designs this element is eliminated. The 
propeller is rotated to produce a downward flow' of metal, and in operation a vortex 
is formed in the molten lead at the center of the kettle about the mixer shaft and a 
very thorough turning over and mixing of the metal is produced. 

After stirring for 10 to 30 min. the first crust is removed and pressed. The second 
addition of zinc is then made and stirred in. The first crust is remove»d without lower- 
ing the temperature, which is held at about 450®(^ since it is desirable to remove as 
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little lead as possible with the crust, and there is no attempt to clean the remaining 
lead of silver. In skimming the second crust, the temperature of the lead is lowered 
until all the crust that can be made to do so rises to the surface and is removed. 

The weight of the crust produced varies with the amount of silver pressed. On a 
100-ton kettle with lOO-oz. bullion the first crust weighs approximately 7000 lb., 
and the partly desilverized remaining lead will contain 40 to 60 oz. of silver per ton. 
The second crust will weigh approximately 25,000 lb., and the desilverized lead remain- 
ing will contain less than 0.2 oz. of silver per ton. Two men in addition to the kettle 



Fig. 65. — Flow sheet of continuous refining. 


firemen usually do tlie entire work of desilverizing a single kettle of lead. About 
2 tons of coal per 8-hr. shift is consumed. 

Continuous Lead Refining. — At the Port Pirie plant of the Broken Hill Associated 
Smelters Proprietary Ltd., the operations of furnace soft^ming, desilverizing by the 
Parkes process, and furnace dezinking have been combined and reduced to a con- 
tinuous process in which the bullion fiows continuously through these steps in suc- 
cession and emerges completely refined. Slag, drosses, and other by-products are 
also withdrawn continuously and rc‘-treated. A flow sheet of the process is shown in 
Fig. 65. 

The softening furnace, briefly described under Furnace Softening, is a rectangular 
water-jacketed reverbemtory fired with oil. The bullion enters and leaves the furnace 
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through submerged trapped openings. Molten slag overflows from the furnace con- 
tinuously. Air is introduced through two w'ater-cooled submerged blowpipes. The 
brickwork is of steatite bonded with sodium silicate. 

Analyses of feed and products arc shown in Table 7. 


Table 7. — Port Pirie CoNTiNirous Softening 


Material 

%Sb 

% As 

% Cu 

Ag, oz. 

Au, oz. 

Drossed bullion to furnace 

0.78 

0.29 

0.004 

53.1 

0.039 

Softened bullion from furnace 

0.03 

0.0004 

0.004 

54.0 

0.040 

Molten slag from furnace 

8.10 

2.70 

1 0.005 




The desilverizing kettles are of deep narrow form, resembling a bottle ini cross 
section. They are approximately 20 ft. deep ami 10 ft. in diameter at the widest 
point. Means for differential heating at different poirds in th(^ ketth' are proviA^d in 
the setting, and definite temperature zone's are nmintaim'd at different depths. \The 
kettle is kept full of molten metal at all times. A practi(*ally constant ran^ of 
composition and temperature is maintained from desilverized lead at 350°C. at the 
bottom to a layer of rich silver-zinc dross at 650°C. which floats on the surface. The 
molten softened bullion flows continuously to the kettle, ('tib'ring at a tempt'ratui* 
of 650°C. It passes downward through the zinc dross and various layers of molten 
metal, losing its silver content in the passage, and is withdrawn continuously from th(^ 
bottom of the kettle through an inverted-siphon discharge pipe. 

The silver-zinc dross is ladled out of the top of th(‘ ketth', concentrated in a liquat- 
ing kettle similar in design to the desilverizing kettle, and is r('torted and cupehd 
in the usual manner. The desilverized lead flows continuously to a rectangular 
reverberatory furnace similar to the softening furnace, is dezinked by oxidation, and 
flows continuously to a Ne'wnam molding machine. 

The continuous process requires a constant supply of bullion of uniform composi- 
tion and produces a uniform product. It has the advantages of compactness in plant 
design, small stocks of by-products to be stored, and economy of labor reeiuirt'd. 

Equipment Used in the Parkes Process. — 'ihe kettU;s us('d in l(*ad-refining opera- 
tions may be construcUd of cast iron, cast steel, or welded st<‘(*l. I’hey are usually of 
approximate hemispherical form and occasionally arc elliptical, 'fhey range in 
capacity from 30 to 300 tons. Kcdtles up to 30 tons in capacity are usually made of 
cast iron. Larger siz(‘s were formerly cast but in modern practice are made of welded 
steel plate up to 2 in. in thickness. The steel construction has thfi advantage of a 
thinner wall for heat transfer and also the fact that cracks or flaws may bo repaired 
by welding, giving the kettle a long life in service. 

Howard Stirrer. — The Howard stirrer or mix(‘r is used for agitating molten lead 
when introducing zinc in the Parkes procc'ss or other reagemts used in refining opera- 
tions. It consists of a motor-driven prop(*ller supporU'd on a vertical shaft and sub- 
merged in the molten lead. The propcdler is sometinujs surrounded by a short 
cylinder or cone, open at the top and bottom, the upper rim of which is below the 
surface of the lead. The whole is supported on a franu* bridging the kettle. The 
rotation of the propeller creates a vortex and a downward flow of lead at the center 
of the kettle. Any reagent to be mixed with the lead is drawn into this vortex, driven 
below the surface, and very thoroughly inix(d with the metal. 

Howard Dross Press. — The Howard press used for freeing dry drosses of mechani- 
cally entrained molten lead consists of a vertical frame supporting a vertical com- 
pressed-air or steam cylindcT mounted above a shallow' cylindrical receptacle, or 
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‘'basket,'" with a drop bottom. The cylinder is fitted with a piston that may be 
raised and lowered, and the piston rod carries at its other end a plunger, or platen, 
that fits into the basket. In some designs the face of this plunger is provided with 
projecting prongs that penetrate the material being pressed and pass through holes 
in the bottom plate when the plunger is forced to the bottom of the basket. 

In use the press is suspended over a kettle of molten lead having a layer of di'oss 
on its surface, the plunger is raised free of the basket, and the press is lowered until 
the rim of the basket is only a few inches above the surface of the lead. The dross 
is then skimmed from the surface of the lead into the basket until it is filled. The 
plunger is lowered and forced down under a pressure of 90 to 100 lb. per sq. in., com- 
pacting the dross and squee^zing out a large part of the entrained molten lead, which 
escapes through holes in the bottom plate or around its edge. 

To discharge the press, it is swung aside and the bottom plate is dropped, dis- 
charging the pressed dross in a cake on the floor. 

Dross Basket. — A considerable amount of entrained lead may be removed from 
granular drosses by merely placing them in a perforated vessel and allowing the lead 
to drain. The vessel, or "basket,"' usually takes the form of a 60-deg. steel cone 3 to 
4 ft. in diameter and perforated with ?^-in. holes. It is provided with a bail and a 
tail chain so that it may be tilted and dumped. The basket is suspended from a crane 
over a kettle of moltcm lead, and the dross is skimmed into it until it is filled. It is 
then lifted above the surface* of the lead and allowed to hang and drain for a short time 
bedore being swung asides and dumped. The basket may be manipulated on the 
surface of the lead by the siisp(*nding crane in such a w'ay as to skim the dross from 
the surface of Ihe lead. Tin* use of a vil)rator on the dross basket, while suspended 
to drain, has been found to increase the removal of l(*ad appreciably. 

Removal of Bismuth. — Bismuth ()(‘curs with lead in most lead orc's and follows the 
lead throiigh siru'lting and refining op(*rations, im^luding desilverizing by the Parkes 
proc(‘ss, to the final refined h'ad. Commercial refined lead specifications set a maxi- 
mum limit of 0.25 p(‘r cent bismuth in common lead. The presence of bismuth in 
lead within this range has practically no effect upon its properties for any application 
as a metal and is an advantage in that it improves the lead for certain alloys. When 
r(*fin(*d l(‘ad is used in applications where it is to be dissolved or corroded lor producing 
chemical compounds, bismuth maj be an und(*sirable impurity. This is particularly 
true in the production of basic carbonate while lead by the Dutch or the Carter 
process, wdiere any impurity in the lead enters the w^hite h'ad produced. Bismuth 
in such a case renders the wdiite lead gray in color. For such uses "corroding lead," 
containing less than 0.05 per cent bismuth, must be used. 

• Bismuth is removed from lead wdth other impurities at one operation in the Betts 
electrolytic refining process. The Pattinson process of desilverization removes 
bismuth to some extent with the silver; however, the removal is incomplete and the 
number of crystallizations and the amount of equipment required have made this 
process uneconomical for both silver and bismuth removal. 

The Kroll-Bettcrton process for bismuth removal by the use of calcium and 
magneshim secures a very efficient removal of bismuth and is w ell adapted for applica- 
tion to desilverized lead as a step following the Parkes process. 

Both (!alcium and magmvsium will remove bismuth from lead when used alone, but 
when used in combination the efficiency of each is increased. These metals form 
compounds Ca 3 Bi 2 and MgsBi 2 which separate on cooling and can be removed as 
dross, similar to the zinc crust in the Parkes process. 

Desilverized, dezinkod lead, containing less than 0.01 per cent arsenic plus anti- 
mony, is treated with equal quantities of calcium and magnesium wJiich are added 
at about 425®C. and thoroughly stirred into the lead. Magnesium is added as metal. 
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calcium is added as a 3 to 4 per cent calcium-lead alloy. The amounts of calcium and 
magnesium required to lower the bismuth to 0.02 per cent are indicated in Table 8. 


Table 8. — Kroll-Betterton Process 


Bismuth in original 
metal, % 

Reagent required, 

Ih. per ton of lead 

Calcium 

Magnesium 

0.10 

1.30 

1.30 

0.50 

2.15 

2.15 

0.80 

2.90 

2.90 

1.00 

3.40 

1 

3.40 


The dross formed is removed by skimming and is recirculated in two stages similar 
to the Parkes process. The drossed lead contains 0.02 per cent bismuth and 0.05 per 
cent calcium and magnesium. The reagents are removed by chlorination or 
oxidation. 1 

The dross is concentrated to about 50 per cent bismuth by liq\iation of lead and is 
then treated for production of refined bismuth. 

Treatment of Zinc Crust. — Many methods have been tried for working up the 
zinc crust: distillation, smelting, ciip<‘llation, alkali-chloride fusion, steam oxidation, 
ammonium-carbonate leaching, but only one has survived — distillation of the zinc 
from the crust in a retorting furnace. This subject is treated more fully elsewhere 
in this volume. 

Treatment of Intermediate Products. — Refineries tend to accumulate a large 
assortment of by-products that must be worked up into marketable products currently 
with the major operation. These intc‘rm(‘diate products are d(‘scribed briefly below. 

Softening Furnace Dross and Skimming. — The copp(T drosses from the softening 
furnace are usually not of great amount, since the h^ad bidlion is usually freed from 
dross at the smelter. The drosses from the softener are ordinarily kept separate 
from the skimming. Wh(Te the dro.s.s is treated by itself, the procedur(‘ is a simple 
liquation in a small rev(;rb(;ratory. The furnace is charged and heated until the lead 
that liquates out of the dross forms a bath, on whhdi the dry dross floats. When 
sufficient dry dross has accumulated, it is pulled out through the furnace door. Tlie 
temperature is set low so tliat no dross is again nu'lted into the lead. Drj" dross 
recovered is smelted in the blast furnace; the lead goes to the softening furnace. 

The tn^atment of antimony-softener skimming is an operation leading to the 
production of antimonial lead. This skimming is smelted in a reverberatory furnace 
with the addition of a high-grade galena or stibnite and fine coal. The metallic lead 
reduced from the skimming contains most of the precious metals. This lead, carrying 
about 1.5 to 4 per cent antimony, goes to the softening furnace. The matte produced, 
carrying copper, lead, antimony, and sulphur, is treatid by concentration smelting. 
The liquated or refined skimming or slag, now carrying 15 to 20 per cent antimony, 
some arsenic and copper, and ab<mt 1 oz. of silver per ton, is usually removed as a 
liquid slag and goes to a blast furnace for producing hard lead, in which it is smeltid 
with coke and metallic iron. In ordc;r to keep down the loss of antimony by volatihza- 
tion, galena is sometimes added to the blast-furnace charge, its sulphur acting as a 
reducing agent. Only enough is added for this purpose so that no matte is formed. 

1 The use of magnesium and potassium together is covered by U. S. patent 2133327. 
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This addition of galena dilutes the antimony in the resulting hard lead. The anti- 
monial lead ordinarily produced and marketed from this operation contains 15 to 
18 per cent antimony. Antimony ore, either sulphide or oxide, may also be added 
to the blast-furnace charge. The hard lead finally obtained is usually drossed with 



sulphur in a kettle or liquated in a reverberatory furnace to remove copper that has 
been reducred in the blast-furnace operation. Some speiss is formed in the blast- 
furnace operation to remove arsenic contained in the reverberatory-furnace slag. 

Kettle drose consists usually of lead oxide muted with metallic lead; it is returned to 
the softening furnaces. 
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Refining shimmings and drosses carry 8 to 10 per cent zinc, some antimony, and 
about 75 per cent lead. Refining skimmings are sometimes charged into the softening 
furnace, after its dross has been removed, in order to assist in the oxidation of arsenic 
and antimony. Their high zinc content makes them refractory, and they are usually 
treated in a blast furnace where the zinc is slagged. 

Metallic zinc recovered from the retorting of silver crust contains silver and lead 
as impurities and is returned to the desilverizing kettle as part of the zinc addition. 

Retort dross is high in silver and zinc and is disposed of in one of two ways. In 
large refineries, where the retort bullion with its floating dross is poured into an 
operating cupeling furnace from the pot that has received it from the retort, the silver 
is of course recovered with the silver of the retort bullion. In smaller plants, this 
retort dross is worked off a little at a time in the regular cupeling, or in some cases it is 
charged back into the retorts itself. Accumulations of, this dross are sometimes 
worked off on the bath of lead, low in silv<)r, with which a new cupel test or hearth 
of the cupeling furnace is usually charged, in order to prevent excessive absorpuon of 
silver. Sometim(‘s the retort dross is added to the softening furnace after the rcmilar 
softener skim has been removed. This permits the silver of the rc'tort drop to 
be taken up by the lead in the softemer and the impurities to be oxidiz(Ki int^ the 
skimming. \ 

Bliu' powder is a mixture of metallic zinc particles and zinc oxide, with about 5 oz. 
of silver per ton, and is an awkward product for disposal, as it 3 dekLs onlj" some 50 
per cent of its zinc on distillation b.v itself. At some plants it is ndurned to the 
retort witli th(‘ ru’xt charge of zinc crust; at^dher plants it is added with the first zinc 
to the desilverizing ki^ttle, where such metallic zim^ as 't may 3 'i(dd helps to saturate 
the lead with zinc and to assist in the removal of gold and copper. At other plants, 
it is disposed of sale to zinc smelters or to chemical plants as a source of zinc for 
lithopone manufacture. 

Litharge produ(Hxl as a slag at the cupel is quite impure and contains, in addition 
to a considerable amount of silver, copper, antimony, arsenic, t(‘llurium, selenium, and 
bismuth. It is prefcirably treated in a nwerberatory furnace but is sometimes sent 
to the lead blast furnace. 

Retort and cupel breakings are usually in large irregular pieces, containing con- 
siderable oxidized zinc, and are quite refractory; however, the^^ usually contain a 
considerable amount of silver. Because of their refractory nature they cannot be 
successfully smelted in the reverbciratorj^ and are usually sent to the lead blast furnace. 

Parkes Plant Layout. — The flow sheet of a tyi>ical efficiently arranged refinery 
using the Parkes process w'ith a small Pattinson division, built for a monthly capacity 
of 5000 tons of lead bullion, is shown in Fig. 66. 

The Pattinson Process. — This method of dc»silverizing hiad is based on the fact 
that when molten low-grade silver-bearing lead is cooled to its freezing point, cr 3 \stals 
of lead separate out that are much poorer in silver than the still liquid original lead. 
If these crystals are removed and the procedure repeated, alwaj^s adding fresh lead of 
the same silver content, the greater part of the original b^illion can be obtained in 
the form of market lead low in silver, leaving th(^ balance in the form of an enriched 
lead ready for cupellation. By the repeated meltings and crystallizations involved, 
many of the impurities will be oxidized and collected in drosH(‘8, and the market lead 
will be correspondingly purified. A point will be reached eventually, beyond which 
the enrichment of the liquid lead cannot be carried. The process stops automatically, 
in practice, when the silver content of the liquid lead reaches 450 to 500 oz. of silver 
per ton; this material then goes to the cupels. The gold follows the silver through 
the process. 

Of the base metals commonly found in lead bullion, antimony, nickel, and bismuth 
are also concentrated in the liquid lead; arsenic in the crystals; copper, which has 
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not been removed in the softening furnace, or by drossing, remains equally distribu ted 
between the liquid and crystal lead. 

The process may be conducted in one of two standard systems, the method '^by 
thirds,” or the method “by eighths.” In the first and more common method, two- 
thirds of the metal in the kettle is withdrawn in the form of crystals, one-third remain- 
ing as liquid metal richer in silver. In the second method, stiven-eighths of the metal 
is taken out as crystals, one-eighth remaining as liquid. The distribution of silver 
in the crystals and liquid in the two methods is illustrated in the examples below, 
which are taken from practice, except that the assays are rounded figures. 


Original Bullion — 100 Tons — 56 oz. per Ton — 5600 oz. TotaB 


“Thirds” Method 

Weight, tons 

Assay, Ag, oz. per ton 

Total/oz. Ag 

Crystals 

66 67 

35 

— [_ 

2,a^.3 

Liquid 

33 33 

100 

3,333.3 

Total 

i 


5 , 666 . 6 

\ 

Original Bullion — 

100 Tons- 20 oz. per Ton — 2(K)0 oz. 

^ 

\ 

“Eighths” Method 

Weight, tons 

Assay, Ag, oz. p(‘r ton 

Total oz. Ag, 

Ovstals 

87.5 

14 

1,225.0 

Liquid 

12.5 

60 

750 0 

Total 

1 


1,975.0 


‘ Figurt^e are from private notes of H. S. Levihoii, Arn. .'^melting & f{efiniijg (’o. 


The method by eighths was applicable only to bullions low in silver. With 
rich bullion the proportion of silver retained in the crystals became prohibitively high, 
and the method by thirds was mort' economical. 

The original hand-labor Pattinson process was, until recently, in use in England 
and Germany. Machinery has been introduced to reduce the labor of withdrawing 
crystals and ladling out the liquid lead, the two principal mechanical modifications 
of the original process being the Luce-Hozan and the Tred innick. In both, the metal 
is stirred by steam and the liquid drawn off, leaving the (u ystuls in the kettle. 

The procedure of the original process, using the method by thirds, is as follows: 
The kettles, varying in number from 8 to 15 according to the richm^ss of the bullion, 
are arranged in a row, the position of the charging pot, or kettle in which the work 
lead is first melted down, varying in accordance with the proportion of silver in the 
lead. The pots are numbered in series, from the market lead end upward; the charging 
pot may be, in a series of 12 pots, anywhere between No, 6 and No. 10. 

The melted bullion in the charging pot is poled and drossed, and the Jlrc withdrawal 
and transferred to the next pot, in the melting stage. (Vusts forming at the sides 
of the pot are pushed down into the lead to be remelted, and the bath is continuously 
stirred in order to ensure uniform cooling throughout. As crystals form, they are 
lifted, drained, and transferred, w'hen dry, into a neighboring pot, usually “down the 
house,” to the right. Ihis continues until tw^o-thirds of the contents of the charging 
pot has been removed, when the remaining one-third of still liquid lead is ladled into 
the adjoining pot, “up the house,” to the left. If there is then on hand, from previous 
operations, lead equal in silver contents with that in these two right and left pots, 
respectively, an exactly similar operation is commenced with each of these simul- 
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taneously. The charging pot thus becomes filled from the crystals of the kettle at 
its left and the liquid lead of the kettle at its right. In this same manner the opera- 
tions are continued, the kcittles ^Mown the house” decreasing in silver tenor and the 
kettles ^*up the house” increasing, until the silver content of the lead in the market 
kettle at the extreme right is 0.3 to 0.5 oz. per ton, and that of the liquid lead at the 
extreme left is at the maximum, about 500 oz. Before the whole plant can be in 
working order, a number of crystallizations must be performed in order to have on 
hand the necessary amounts of lead of different silver contents required to fill the 
several kettles. 

The Luce-Rozan Method. — In this modification of the Pattinson process, steam 
is used for stirring, and the apparatus and the arrangement of plant arc of radically 



Fig. G8. — Luce-Rozan plant. 


different nature. The plant is shown in Figs. 68, 69, and 70, and consist of two melt- 
ing pans a, one crystallizing kettle b (Fig. 70), and two large conical molds, instead 
of the long line of some 12 kettles of the original Pattinson arrangement. The two 
cast-iron melting pans, used alternately, each holding 7 tons of lead, can be raised by 
means of a steam crane, so as to pour their contents into the crystallizer, which holds 
20 tons. 

The mode of working is as follows: The bullion is melted down in one of the melting 
pans, drossed, and run into the previously heated crystallizing kettles by raising the 
back end of the pan. In the crystallizer it is stirred by steam at 45-lb. pressure, cooled 
by withdrawal of fire and by water sprays, and two-thirds of the contents become 
crystallized. The still liquid lead is then run into the conical molds from the crys- 
tallizer, and the fire under the latter replaced and the crystals (13J^^ tons) remelted. 
In the meantime, 0) 2 ions rnore of lead, with the same silver content as that in the 
crystallizer, has been melted down in one of the pans, so that, as soon as the crystals 
have been remelted, it can be run in and a new operation begun. The other melting 
pan contains lead equal in silver content to the crystals that it is expected will be 
produced from the next operation, and this second pan is being melted down in readi- 
ness for the next following crystallization. 
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Eleven crystallizations are necessary to obtain market lead from lead bullion 
averaging 146 oz, of silver per ton. Six charges are run in 24 hr. Two men per shift 
attend to the crystallization; all lead handling is done by a crane man and helper. 
As in the hand Pattinson process, a number of prediminary crystallizations — 66 at 
Pribram, Czechoslovakia — ^must take place to furnish the necessary intermediary 
grades of lead for normal work. 



Fig. 70. — Luce-Rozan plant. 


Products of the process (from above bullion) are rich lead of about 262 oz. of 
silver per ton, desilverized lead of about 0.43 oz. per ton, dross, and flue dust. The 
rich lead is cupeled, the desilverized lead is refined in a reverberatory furnace to remove 
arsenic and antimony and then molded into market bars, and tlie dross and dust are 
worked up with similar by-products from other parts of the works. A curious by-prod- 
uct sometimes encountered in the steam Pattinson process is a small incrustation of 
minium red lead — which forms in the crystallizer, produced by the action of steam 
on the lead at a temperature just below r^ess. 
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The Luce-Eozan method runs into greater plant cost and maintenance than the 
original Pattinson, but its advantages more than offset these items. Softening of 
the lead bullion is not so imperative; the cost of labor is only 30 per cent, and of fuel 
40 per cent, of the Pattinson cost; and only about one-third of the amount of drosses 
obtained in the Pattinson cycle is produced in the Luce-Rozan. 

Other Pattinson Processes.— Several other variations of the Pattinson process 
have been developed and used to some extent. These do not introduce any new 
principles but differ in the equipment used and reduce the time required for the process 
very materially. These include the Tredinnick process and the Hall process. The 
Pattinson process is not used in the United States for desilverizing at the present time. 

Cupellation, — The rich leads from the Pattinson process, containing 250 to 600 oz. 
of silver per ton, and the retort bullion from the Parkes process, containing 2000 to 
5000 oz., are finally treated by cupellation for the separation of the precious metals. 
This process consists (essentially of melting the rich lead in a reverberatory furnace 
and exposing it to a blast of air, by which the lead and the base metals are oxidized 
and slagged off in the form of litharge of varying degrees of purity, while the silver and 
gold, having scarcely any affinity for oxygen, remain behind in metallic state. The 
oxidation is accomplished mainly by the action ot the air blast and partly by the action 
of the molten litharge, whic^h absorbs an excess of oxygen and gives it off to the under- 
lying impurities (\i, As, Te, and Se. The cupcdlation of gold-silver-lead and the 
parting of dor6 bullion are discussed elsewhere in this volume. 
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TREATMENT OF ZINC CRUST AND ELECTROLYTIC SLIME 

PART I TREATMENT OF ZINC CRUST PRODUCED FROM 
DESILVERIZATION OF LEAD BULLION 

By T. 1). JoNER^ I 

Introduction. — In this section tlie treatment of zinc crusts produced in thelParkes 
desilverizing process will be described. In the process of desilverizing, the refmeries, 
if conditions warrant, can carry out a separate dt'golding operation, the crust\being 
treated separately from the silver-zinc crust. HowevcT, in general, it is regular^rac- 
tice to remove the gold and silver in the regular desilverizing crust, paying particular 
attention to crust enrichment, so that at the present time so-called silver-zinc crust 
will assay 3000 to 8000 oz. dore per ton and 30 per cent zine. The crust is Ihen sub- 
jected to the distillation or retorting process for the re(‘ovory of zinc, which is returned 
to the desilverizing process. 

Retorting. — The Faber du Faur type retort furnace is universally used for retorting. 
In former times the furnace was cubical in shap(\ Howc'ver, many improvements 
have been made in construction so that at the present ti»iie the outside dimensions of 
the furnace are generally 3 ft, 10 in. in width and 4 ft. in depth, the over-all length 
being 6 ft. The furnaces are wcll-balane(‘d tilting furnac(*s equipped with a suitable 
cast-iron shell which swings on trunnions. Modern furnaces are well insulated, the 
cast-iron shell being lined with suitable insulating material, the inner lining being of 
9-in. fire-clay or high-alumina brick. 

The arch of the furnace is so constructed that it follows closely the contour of the 
retort crucible in place. f]very effort has been exercised in the firebox construction 
to provide conditions that would produce the maximum temperature adjacent to the 
retort crucible walls. 

Retort furnaces are generally heated by gas or oil and are fir(‘d from the front or 
rear of the retort. While considerable controversy has existed over proper firing 
arrangements, experience has .shown that the position of the burners has relatively no 
effect on the actual results obtained. The flue opening from the firing chamber is 
always on the same side as the burner, and this provides for sweeping action of the 
hot gases in order to obtain maximum fuel effieieney. 

Formerly, the retort-furnace flues discharged into a large main brick flue and thence 
to a stack. Most recent installations provide for individual stacks of steel construc- 
tion into which excess cold air may be drawn for cooling purposes, Usually, three 
individual stacks lead to a common header pipe, extending through the roof. This 
type of construction provides ample working space and exi^ellent working conditions 
for the operators. Today, with modern construction and ventilation, retorting 
becomes a very desirable operating job, whereas, in former times, it was most unat- 
tractive to the operators. 

The retort crucible, or No, 11 crucible, as termed by the manufacturer, is of 
standard shape and produced from select clays and Madagascar largc-flyte graphite* 

' Traveling metallurgiat, American Smelting & Kefining Co. 
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Great progress has been made in details of retort construction, which, together with 
proper preheating facilities by the refineries, has increased retort life from 40 charges 
10 years ago to 70 charges at the present time. 

It is general practice to store retorts in hot drying chambers at the refineries and 
remove directly from the hot chambers to the retort stands as required. When 
setting the retort crucible, it is always good practice to provide a new stool or pillar, 
as a defective stool will cause the retort to shift during operation and breakage will 
result. The crucibles are usually set on the stools at an angle of inclination of 30 deg. 
from the horizontal. In this position, the crucible will have a capacity of 1300 to 
1400 lb. of sized Parkes silver-zinc crust and also provide maximum heating area, 
Ihe neck of the bottle is supported by brickwork, the top the neck extending out 
1 K in, from the face of the brickwork. 

Considerable care must be used in starting retorts under fire. It is good practice 
to raise the temperature slowly, allowing approximately 8 hr. to reach maximum 
temperature. During this period, charcoal or other reducer must be placed inside 
the retort, in order to prevent excessive oxidation of the retort lining. It has been 
determined that the clay mix does not glaze, over until a temperature of 1700®F. is 
reached, and unless a reducing agent is present during the heating-up period con- 
siderable life may be lost. 

Condensers are usually of cast-iron construction, supported by a condenser stand. 
Modern construction provides for the cond(mser stand to be fastened to the furnace 
trunnion, and the stand swings in an arc and is held in place by a toggle hook. Suit- 
able high-velocity v('ntilators extend ovct the mouth of the retort, in order to remove 
any escaping fume. 

Once the retort, has been charged and the condenser is in place, the minimum 
amount of fire clay or adobe for luting is used. Elxcessive use of adobe or fire clay 
causers the condenser to bum out. 

l^he proper operating temperature for retorting is approximately 12f)0'^C., or 
2300*^?. Distillation requinis 0 to 8 hr., and during this period approximately 420 lb. 
of zinc is distilled and cast into 50-lb. slab bars, lilue powder, approximately 12 lb. 
pei charge, is formed during the operation, and the blue powder can largely be con- 
trolled by producing high-grade silver-zinc crust. Inferior silver-zinc crust containing 
much fine material requirt's a longer time for distillation, with subsequent increase 
in production of blue powder. The production of blue powder (;an be greatly reduced 
by adding flux with the silver-zinc crust charge. Still another practice to reduce the 
nta blue powder produced is to screen the production, using totally enclosed shaker 
screens and returning the metallics directly to the retort charge, the end product, 
relatively low in dor^, being shipped to a zinc smelter for recovery of zinc. 

During distillation the condenser is of a cherry red color, and toward the end of 
distillation this color disappears and the condenser becomes dark in color, which 
indicates that the charge is nearly cooked. 

The fuel oil required per ton of silver-zinc skim ranges from 40 to 60 gal., and where 
gas is used, the equivalent amount of B.t.u. is required. One man will operate 
three retorts per shift and at times can handle four retorts. The zinc in the final 
retort metal will analyze !}{ to 2}i per cent zinc. The retort metal assays 6000 to 
14,000 oz. dor4 per ton, depending on pretreatment of silver-zinc crust prior to 
retorting. 

Cupellation of Retort Bullion. — Considerable improvement has been made in 
cupel-furnace construction. While the old conventional type, comprising a removable 
lest pan and stationary side walls and arch, is still in use, modern cupel construction 
consists of a sheet-steel shell resting on a tilting mechanism. The hearth, side walls, 
and arch are contained in the steel shell and are a complete unit. 
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While the old type test pan made from crushed limestone and fire clay usually 
had a life of 30 to 50 days, the new type cupels, having a high-alumina brick bottom, 
magnesite or high-alumina brick side wails up to the metal line, the upper side walls 



and Mch of fire-clay brick, will have a life of 6 months. The magnesite or high- 
alumina side walls and bottom will last 8 months with the aid of patching material, 
which is common operating practice. 
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Cupels in general are usually heated by oil or gas, the burners being located in the 
rear of the furnace directly opposite the charge door. 

The new type cupels have a novel flue arrangement, the ofl-take flue being con- 
structed of heavy sheet steel, built in sections wliich are adjustable. The ofl-take 
flue rests in position just over the charge door to the cupel, and sufficient extraneous 
air is drawn in with the hot cupel gases and fume to provide cooling, permitting the 
use of sheet-steel flues that have many advantages over the old-type brick flues. 

The cupels are fitted with water-cooled jackets that serve to hold the breast of 
the cupel. The only reason for using water is to protect the breast material that is 
cut down by the operator during the cupeling cycle. A cupel is equipped with two 
or more tuyeres, extending into the furnace through separate ports on either side of 
the burner ports. Compressed air at a pressure of 1 6 to 20 oz. is admitted through the 
tuye^res in order to obtain rippling action on the surface of the bath. To obtain proper 
cupeling conditions, the tuyeres are adjustable so that the air stream may be directed 
in any desired manner. 

Cupels vary in size according to the dor6 output of the respective refineries. At 
the present time, cupels are capable of producing 100,000 to 350,000 oz. of finished 
dor6 per charge, the latter having outside dimensions of 7 ft. 11 in. in width and 10 ft. 
2 in. in length, with a bath depth of 14 in. Where the larger cupels can be used, there 
is a considerable advantage, as the dor6 output per day, per cupel, is greatly increased, 
thus resulting in lower costs. 

Under normal operating conditions, cupels are charged by adding cold bullion 
bars or hot charged from ladles containing hot retort bullion from the retorts. Bars 
or hot charges are added intermittently during the cupcllation period until sufficient 
dor4 is present for a full dor(5 <harge. 

The impurities found in retort metal are, as a rule, zinc, arsenic, antimony, copper, 
bismuth, and tellurium — a tyi)ical analysis being as follows: 


Dor^; — 6000 TO 14,000 Oz. per Ton 


Impurity 

Per cent 

Impurity 

Per cent 

Zinc 

1.5-2. 5 

Tellurium 

0.2 

Arsenic 

0.4 

Bismuth 

0.25 

Antimony 

1.0 

Lead 

Balance 

Copper 

1. 5-4.0 



The process of cupellation has for its object the separation of silver and gold from 
lead and the above-mentioned impurities. The operation of a cupel consists of first 
filling a cupel approximately one-half full of retort metal, melting down, and approach- 
ing a temperature of 2100®F. The tuyeres are opened, and the bath is thoroughly 
rabbled in order to incorporate the zinky retort dross with the litharge formed during 
the early stages of cupellation. The thought is thoroughly to demetallize and desil- 
verize the heavy drossy material which is relatively high in zinc. 

The impurity zinc is readily oxidized, about 25 per cent going to the baghouse and 
75 per cent collecting in the litharge. As soon as the cover slag thins down to the 
point where it can be removed from the cupel, the furnace is tilted and the zinky 
litharge drawn off through the breast to suitable portable pots or pans. As a cupel 
cycle may consume as much as 3 days, it is understood that current production of 
retort metal is continuously added to the cupel bath or until such time as there is 
sufficient dor6 present for a full charge. During this charging period, litharge con- 
taining most of the zinc and a portion of the copper has been withdrawn from the 
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furnace, in order to make room for additional dor4 material. During this period, the 
arsenic and antimony content have also been removed, the greater portion being 
contained in the litharge. 

The final stage of refining consists in removing lead, copper, bismuth, and tellurium. 
The copper is removed gradually, being continuously oxidized by the large amount of 
PbO that is present. During tlio latter stages of refining, the litharge is properly 
termed copper litharge as it may contain as much as 10 per cent copper, while so-called 
good litharge will contain approximately 1 to 1.5 per cent copper. Bismuth con- 
centrates in the dor6 until the last stages of refining, wlien it becomes oxidized and is 
removed with the litharge. After the last litharge is removed, it is often necessary 
to add approximately five bars of refined lead to form additional litharge, in order to 
remove the last traces of impurities with the exception of tellurium. Tt^llurium tends 
to remain with the silver and is removed by successive treatments with sod iu mi nitrate 
after all the litharge is removed. Fully refined dorc will assay 995 parts p(‘r IHousand 
gold plus silver, the balanc^o being larg(*ly coppe^r. The dorc is cast into anodes for 
the electrolytic parting process or plates for the sulphuric acid refining procesa 

In instances where the dorc is shipped to distant parting plants, it is cast intq bars, 
using molds similar to those used for refined silver bars. 

One man per shift is requind for the operation of each cupel, and the fuel \wies 
directly with the size of the cupel. The large cupeds, having a capacity of 300,000 oz, 
dor6, will require 270 gal. of oil per day, the cycle on the larger cupels being S}4 days. 

PART IL TREATMENT OF ELECTROLYTIC SLIMJ^S 

By Donald hi. Liddell^ 

Treatment of Copper Slime. — The slime produced in the (*leclrolytic refining 
of copper varies in both cpiantity and composition with the kind and grade of anode 
metal refined, hlost of the refineri(‘s attempt to blend and refine the pig copper in 
the anode-casting furnaces in order to secure anode metal assaying about 99 per cent 
copper. The yield of slime from this grade of anode nndal should average between 1 
and 2 per cent of the weight of anode dissolved. Typical (*xampl(*s of (topper anode 
slime are given in the following table: 



1 

2 

3 

4 

5 

6 

7 

Ag, ounces per ton 

6220.4 

4680 5 

14,012.8 

9631.5 

3600.0 

927.90 

310.5 

Au, ounces per ton 

143.6 

64.5 

91.7 

96 55 

800.0 

402.75 

10.15 

Cu, per cent 

18.24 

28.09 

13.53 

4.47 

40.0 

69.03 

40.53 

Ni, per cent 

1.63 

2 64 

0.54 

0.27 


2.03 

23.13 

As, per cent 

0.32 

1.12 

2.16 

1 .97 


0.15 

0.28 

Sb, per cent 

4.56 

3.54 

3.04 

7.20 


0.15 

0.68 

Bi, per cent 

Trace 

None 

Trace 





Se, per cent 

18.05 

, 16.14 

4.27 

1.15 

22.0 

0.85 

6.6C 

Te, per cent 

2.36 

1 2.21 

1.07 

0.85 

3.7 

1.50 

0.27 

Pb, per cent 

4.95 

1.93 

8.83 

25 . 34 


0.79 

1.53 

Zn, per cent 

Trace 

Trace 






8, per cent 

3.31 

4.09 

5.31 

4.99 


15.41 

1.58 

Fe, per cent 

0.41; 

0.53 

0.38 

0.25 


1.04 

0.41 

Si 02 , per cent 

4.27 

6.35 


0.43 

i 

0.41 

0.93 

Sn, per cent 

1 .05 

0.23 


0.15 


0.09 

0.31 










This section is a major revision of the contribution by W, C. Smith in the oririi^ftl edition. 
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Samples 1 to 4 were composite samples of the slime from at least 10,000 tons 
of anodes. Sample 6 is in the main a slime d^riyed from Noranda bullion. Sample 6 
was taken from a run made on low-silver, high-gold anodes; pnmple 7 'fVas taken from 
a run on high-nickei anod<^s. 

Slimes-treatment procesvses,' to be successful, must fulfil several requirements which 
may be listed as follows: minimum nietal loss; prompt delivery of the bulk of the gold 
and silver; delivery of the by-products in a recoverabki form; ecjonomy of operation; 
and the introduction of no chemicals to the process which may have an injurious effect 
on the refining of copper if thcjy later enter the electrolytic circuit. 

In the early days of electrolytic refining, the slime was screened to remove metallic 
copper, washed to free it of soluble copper salts, filtered to remove excess water, and 
cupeled with hiad in a cupel furnace. The lead loss was heavy, and the litharge was 
fouled with <*opper. It was discovered that much better results were obtained in the 
furnace work with a slime from which the copper had })een removed. 

Copper Removal. — Hk' first method employed for the removal of the copper 
from screeiK'd raw slime was to boil the slim(^ with dilute sulphuric acid to which 
sodium nitrate was added in small doses. The boiling op('ra1ions w^ere conducted 
in lead-lined tanks eejuipped wilJi paddle or air agitators; the slime was run into 
the tank, and enough sulphuric acid wuis added to make a 50 per cent sulphuric acid 
solution: the mixture was then heated with steam to the boiling point, and the sodium 
nitrate was added a f('w pounds at a time. Heavy fumes of poisonous nitrous gases 
w^cre given off, and if the. sodium nitrate w’as added in too large doses, the charge 
W'ould foam over the top of the boiling tank. It often required 48 to 72 hr. to reduce 
tlie copp('r in the tr(‘atod slime to 2 to 3 per cent. The lead tank lining W'as rapidly 
attaek(^d and ne<'(led frecpK'iit repairs. The copper solution from the slime leaching 
was settled to remove tlit' last traces of suspended slime and added to the tank-house 
cleetrolyte. 8o long as th(‘ t‘lectrolyte purifieation system withdrew a large volume 
of solution for th<‘ nuuuifacture of copper suli>hate, no trouble froni sodium compounds^, 
in the el(‘e.trolyte was (*xperieneed, but witli the d(‘cr(‘astid market for copper sulphate 
and the cyclic purification methods later developed for electrolyte treatment, the 
sodium salts accumula.t(Ml in the electrolyte and caused trouble. 

The raw slime was also tr('ated for the removal of copper by boiling with 50 per 
cent sulphuric acid to which manganese dioxide was added in small (piaiitities at a 
time, until the copper had been oxidized and dissolved. The addition of an excessive 
amount of the manganese dioxide at one time would cause the charge to foam over the 
top of the boiling tank. The copper solution from the boiling of the slime contained 
manganest* sulphate, and this solution could not b(‘ added to the regular electrolyte 
as th(‘ manganese salt caused trouble in the electrolytic cells. The solution was, 
therefore, sent to the copper-sulphate plant and was used for the production of blue- 
stone. The manganese salts eventually went to waste in the spent liquors from the 
iron c(‘mentation tanks in which the last of the copper w^as precipitated from the 
mother liquors. These methods have been superseded by one. of the several forms of 
either oxidizing roast or sulphatizing roast, followed by leaching with dilute sul- 
phuric acid or water. 

Oxidizing Roast. — When screened raw slime is subjected to an oxidizing roast, 
most of the copper is rendered soluble in dilute sulphuric acid.® This is due to the 
conversion of the copper and cuprous oxide into cupric oxide. The greater part of 
the copper in some slimes is rendered soluble at as low a temperature as 140°C. How- 
ever, a temperature of 400 to 500" (I is required with most of them to render 95 per 

^ Adpickb, “Copper RefininsE,’’ p. 107, 

* However, it Beeiiis preferable to use the sulphatizing roast rather than a plain oxidation, as this also 
eliminates much of the selenium. 
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cent of the copper soluble. Boasting at the higher temperatures usually also renders 
some of the silver and selenium acid-soluble. The details of roasting experiments on 
slimes 6 and 7 of the table on page 220 are as follows: 


Sample 

Roast, 6 hr. 
at, ®C. 

Per cent 
acid-soluble Cu 

Soluble Ag 

Soluble Se 

Shme 6 

140 

12.34 

No 

No 


250 

71.96 

No 

No 


400 

91.96 

No 

No 


500 

96.53 

Yes 

No 

Slime 7 

200 

31.16 6.73 Ni 

No 

No 


300 

67.90 10.57 Ni 

No 

!^^o 


400 

91.58 38.62 Ni 

Yes 

No 


550 

99.30 11.53 Ni 

Yes 

_A_ 


Sulphatizing Roast. — Over 30 years ago, I>r. Edward Keller found that if slimes 
were roasted with sulphuric acid practically all the copper was converted to copper 
sulphate. It was his opinion that if stoichiometric proportions of acid were empmyed 
for combination with the copper optimum results were obtained. It appears, how- 
ever, to be the opinion today that the best results follow with the acid in excess. 

PVobably the treatment of slime at Ontario East as given by C. W. (^.lark and A. W. 
Heimrod^ and C. W. C3ark and J. H. Schloen® represents the most modern practice 
that has been described. 

The original slime carries 40 per cent Cu, 3600 oz. Ag per ton, 800 oz. Au per ton, 
22 per cent Se, and 3.7 per cent Te. These slimes after filtering are dried at 250 to 
300°F. to about 10 per cent H 2 O. At this moisture there is very little dusting. They 
are then mixed with 75 per cent of 60® sulphuric acid and roasted at 700 to 800®F*. 
in a Herreshoff furnace. Acid is also sprayed into tlie roaster during this process so 
that a total acid consumption of 2.2 to 2.5 lb. of acid is used for each pound of copper 
present. 

Over 95 per cent of the copper is rendered soluble by this means, and the use of this 
excess of acid causes the volatilization of 80 to 95 per C(*nt of the selenium present which 
is caught in the furae*-collecting system attached to the roasting furnace. The col- 
lected fume furnishes the basis for the plant^s selenium recovery. The slime after 
leaching with the copper carries about 4 per cent Cu, 11,700 oz. Ag per ton, 26 oz. 
Au per ton, 15 per cent Se, 11 per cent Te. If the copper-sulphate solution shows 
silver, it is precipitated with a little copper scale. The solution after removal of silver 
is electrolyzed to produce copper and sulphuric acid, the acid being used in the treat- 
ment of future slime. 

After removal of the copper, the slimes are leached with caustic-soda solution 
which removes the tellurium by washing, as sodium tellurite, whi(;h is used as a source 
of tellurium. The filtered and washed slimes contain about 4 per cent Cu; 12,000 oz. 
Ag per ton, 2700 oz. Au per ton, 14 per cent Se, 1.5 per cent Te. 

These slimes are smelted with soda and fine silica in a dor6 reverberatory furnace 
with magnesite lining. The first slag contains most of the lead, arsenic, antimony, 
and iron and goes back to the anode furnace. The charge is then blown with air with 
fused soda ash for flux to eliminate the tellurium. This second slag is leached with 
the caustic liquor from the slimes treatment, which takes out the selenium and tel- 
lurium, the leached slag going to the anode furnace. 

* Trana. Eleetrochem. Soc.^ Yol. 61, 1932. 

» AJM.E., Tack. Paper 682. Class D 67, 1938. 
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The dor^ in the furnace is given a final refining with niter to remove the copper, 
this slag going back also to the anode furnace. 

Furnace Refining of the Treated Slime. — The first refineries treated the boiled 
and leached slime with lead in cupel furnaces, and this method is used today at those 
plants which refine both lead and copper. One method for charging the slime to the 
cupel furnace consisted in packing the slime in small paper bags which held 16 to 
26 lb. of slime and in charging the bags of slime onto the surface of the molten lead 
in the furnace. This method probably caused a heavy dusting loss. A better 
method consists in mixing the slime with litharge and a little fine coal and smelting 
the mixture in a small basic-lined reverberatory furnace to a slag and metal. The 
metal is cast in the form of bars and is fed to the cupel as needed ; the slag is smelted 
in the lead blast furnace. Most of the copper refineries are not operated in con- 
junction with a lead refinery ; hence other methods of treatment were developed. 

The melting of treated slime in a basic-lined reverberatory furnace yields a lead- 
antimony slag, called tapped or sharp slag, and a metal that consists of Ag, Au, Se, 
Te, some Cu, and other metals. If the slime carries considerable selenium or tel- 
lurium, a third product, a matte or speiss, in which selenium and tellurium take the 
place of sulphur, may be formtid. This matte or speiss is a most troublesome material 
to handle and may carry as much as 50 per cent silver. Several methods are used 
either to prevent the formation of this matte, or to decompose it after it has been 
formed. 

Fluxing the Slime. — The treatc^d slime is often mixed with fluxes before charging 
to the melting furnace. The fluxes used are silica, lime, soda ash, salt cake, niter 
cake, caustic soda, or a mixture of several of these. The thin slag that is formed 
is tapped from the furnace, and the metal is oxidized by forcing compressed air under 
the surfaces of the metai through iron pipes. A second slag is formed, which is skimmed 
off, and the metal is refim^d to dor4 with air and niter, or niter and soda ash. When 
slimes carrying excessive amounts of copper, selenium, and tellurium are being fur- 
naced, a matte will separate from the metal during the refining process; this matte 
retards the refining operations and is best handled by tapping off, crushing to 10 mesh, 
roasting and leaching with sulphuric acid for the removal of the copper before return- 
ing to the melting furnace. 

The following data^ show' the composition of the matte at different stages during 
an attempt to oxidize it in the melting furnace by means of air, niter, and soda ash 
Samples were taken every 4 hr. over a period of 28 hr. 


Sample No. 

Au, ounces 
per ton 

Ag, ounces 
per ton 

Cu, 

per cent 

n 

Te, 

per cent 

1 ! 

139.15 

13,751.8 

20.67 

1 22.83 ! 

0.50 

2 

105.55 

14,336.0 

22.88 


1.20 

3 

67.42 

14,139.3 

25.33 

19.34 

1.35 

4 

25.70 

12,016.0 

33.07 

15.25 

1.52 

6 

18.15 

9,685.1 

33.81 

12.05 

2.48 

6 

10.20 

8,707.9 

31.83 

7.67 

2.44 

7 

6.85 

8,102.5 

47.32 

0.62 

1.20 

8 

5.10 

7,664.9 

49.40 

0.15 

0.07 


* Personal notes of W. C. Smith. 











224 


NONFERBOUS METALLUMY 


These slimes had been given an oxidizing roast only, and the difficulty of eliminat- 
ing the selenium shows the advisability of the sulphatizing roast. 

At one plant, the treated slime is melted without flux to a sharp slag and a matte or 
"•peiss and metal in one furnace; the slag is tapped off, and the metal and speiss are 
transferred to a second furnace in which the mixture is refined to dor4 with air, caustic 
soda, and niter. 

The sharp slag from the slime-melting furnace usually carries 0.5 to 4 oz. per ton 
of gold; 125 to 500 oz. per ton of silver; with varying amounts of copper, lead, and 
antimony. A typical slag will assay about as follows: 


Oz. per ton 


Per cent 


' Au 

Ag 

Cu 

m 

Xi 



S(; 

Te 

m 

0,80 

458 

3.99 

16.76 

0.27 

0.97 

5.18 

0.58 

0.52 

H 


The sharp slag is sold 1o Ihc lead smelter for the gold, silver, and lead contained in 
it; is smelted to copper matte in the ore-smelting furnaces and the matte blown to 
blister copper in converters; charged to the. Hnod(‘ furnaces; or simdled to black copper 
in the copper blast furnac^e. Tin; last two methods are the h‘ast desirable*, since the 
sharp slag contains many impuriti(‘s which go into the anode or the black copper and 
are circulated through the process. A partial elimination of th(;se impurities is made 
in both the matte smelting and converting operations; hence* this method of trejat- 
inent gives a bett<;r elimination of the impurities, but, unfortunately, many of the 
refineries do not smelt sulphide ores. 

Sharp slags, which contain high silver values, and tlie second slags, produced during 
the refining stage, are generally re-treated in the slime-melting furnaces either wdth 
slime or in separate campaigns, and eventually report as sharp slag. 

The soda-niter slags are either charged to the slinui-melting furnacc*s with slime, 
.r arc first crushed and leached for the removal of tin* s(*lenium and tellurium con- 
tained in the slime, and the leached residue is returned to tin; slime furnace. 

Slime Furnaces. — Small oil-fired reverberatory furnaces lim'd with magm*site 
or chrome brick are used for the nif'lting of the slime. The charge; is introdu(;ed 
at intervals, and each batch is melted down ))efore the next charge; is made*. Sharp 
slag is often tapped from the furnace se'veral tinie\s be;fore the furnace is fully charged. 
It is custemiary to add a small amount of ce)al to the slag, J 2 1 hr. before; the slag is 
tapped, in order to secure a cleaner slag. The slime may be charged to the furnace 
through the regular w'orking door by shoveding, or by dropping from hoppers through 
charge holes in the furnace roof. The life of a furnace bottom is 6 to 12 months; the 
side walls and roof require patching about every 30 to (>0 days. 

Metal absorption of a furnace is almost directly proportional to the volume of the 
brickwork below the rnctal line of the furnace; hence, in order to reduce the interest 
on the metals tied up in furnace linings, the furnace should be of such design as to 
have the maximum capacity with the minimum of lining (;onsisU*nt with good fuel 
consumption and furnace life, A thinly lined cylindrical tilting furnace has been 
developed. Two small furnaces of this construction replaced one furnace of the 
stationary type; each furnace melts and n;fiucs a charge; of 6 to 8 tons of slime in 48 
to 60 hr., while the larger furnace requires 90 to 120 hr. to trc;at 12 to 15 tons of slime* 
The two small furnaces absorb less metal than the single larger furnace and also make 
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an interest saving of 5 to 6 days on the metals in process. This saving is made by the 
reduced time the slime is waiting for furnace treatment, the reduced time the metal 
is in the furnace, and the reduced time the dor6 is awaiting parting because of the 
delivery of very large bat(‘bes to the parting plant necessary with the large furnace. 

Metal Losses. — The gases from the slime-roasting, -melting, and -refining fur- 
naces contain Ag, Au, As, Sb, Se, and Te; hence somc^ method for the recovery of 
the values from the furnace gases is necessary. The losses are duo to both volatil- 
ization and mechanical dusting of the charge. As much as 1.25 per cent of the 
silver in the slime treated has been recovered from the furnace gases. The earlier 
plants used settling chambers and water scrubbers, but these were never satisfactory. 
Baghouses could not be used tx'cause the acid in the gases rapidly destroyed the bags. 
Cottrcill precipitators are us(‘d for this work with good results. The treaters may 
handle the gases (ntlu'r hot, or wet and cold. The hot treater can be made of steel, 
but the wet treater must bo constructed of lead or other acidproof material. The 
wet treaters are more expensive to build than the hot treaters, but have found the 
most favor. 

There seems to bo no question that silver refineries should be equipped with both 
scrubbers and C^ottrcll precipitators. The very modern plant at Ontario East has 
a brick flue followed by a steel flue in which the gases cool to about 400°F. and from 
which they enter thre^e tow(*r scrubbers that are fitted with sprays and rain plates. 
About 90 per cent of the material that X)asses the flues is recovered in these scrubbers. 
The gases l(‘avc the stTubbers at about 125°F. and go to Cottrell tube pre(upitators 
12 ft. long. A constant watch is kept on the effluent gas(^s from the (.bttrell, but the 
loss is said to lie 1(*hs than $2 a day. Both the scrubber systcjm and the C^ottrell use 
aiitiinonial lead to resist the highly corrosive ga.s(*s. The scrubber solution goes to 
the selenium precipitating plant, while the scrubber mud goes back to the slimes- 
roasting furnace. 

Recovery of By-products. — The by-products of greatest comm(;rcial importance in 
copper slime are s(ilenium, platinum, and palladium. The platinum and palladium 
remain with the gold and silver, arc delivered to the parting plant in the dor6, and are 
recovered during the refining of the gold. Beference should be made to the separate 
chapters covering these metals. 

Wet Methods for Slime Treatment. — Much thought and money have been 
expended in trying to d(‘velop wet methods for the tr(>atinent of slime, and several 
promising sclunnes have been given large-s(*.ale tests, but no sueb methods are in use 
at the present time. The wet tn'atment of the slime for the removal of the copper, 
followed by furnace refining to dore and the parting of the dor6, is far from perfect, 
but yields better results than any wet process known. The methods used for the 
treatnumt of the lead slime produced by the Betts process of lead refining are given on 
page 378, Electrolytic Bcfining of Lead, and pages 141 to 142, Bismuth. 

Treatment of Electrolytic Tin Slime. — The American Smelting & Refining Co., 
at th(* Perth Amboy, N. J., plant, at one time operated an electrolytic tin refinery. 
Very little information relative to the process has been given out. It is known 
that the impure tin treated carries lead, bismuth, and silver as the chief impurities. 
The slime is said to have carried Sn, 30; Pb, 20; Bi, 20; Cu, 5; As, 3; 8b, 5; and it is 
said over half the lead was present as sulphate. No details of its treatment were given 
out, nor has the author ever been able to ascertain the prccious-metal content. If 
the slime were to be charged to the cupel furnaces the tin would be lost. 

OTHER SILVER- AND GOLD-BEARING MATERIALS 

Treatment of Cyanide Bullion. — The silver bullion produced by the cyanide 
treatment of silver and silver-gold ores is often refined and parted at the large refineries 
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on a custom basis. The bullion is weighed and sampled, either by drill sampling or 
by melting and dip sampling, charged to the cupel furnaces or the slime-refining 
furnaces, and refined to a suitable dore for parting. 

The cyanide precipitates at Paehuca, Mexico, are first treated with dilute sulphuric 
acid to remove as much zinc as possible; are then melted in a basic-lined reverberatory 
furnace; and are refined with air to a very high-grade dore for electrolytic parting. 
Low-grade cyanide precipitates are treated at some of the lead refineries by mixing 
with litharge and a small percentage of coal, and smelting to a rich lead, which is then 
treated in the cupel furnaces. 

Sulphide precipitates are handled in the same manner, except that no coal is 
used in the mixture; the sulphur in the precipitates reduces sufficient litharge to metal- 
lic lead to collect the values. The litharge slags from this furnace are rc-treated in the 
lead blast furnace. 

Jewelry Sweeps and Other Industrial Wastes. — Hiese materials are usually in a 
very finely divided state when received, and are sampled and graded into two Masses 
according to the assay value. High-grade material is often charged directly to the 
cupel or slime furnace in order to get the bulk of the precious metals on the market 
as soon as possible. I'he low-grade materials are sintered, briquetted, or nodulized 
with other fine material and smelted in either load or copper blast furnaces. The 
lead bullion or copper matte, or both, serve as the collector for the pn'cious metals, 
and these products are treated for the precious metals they contain. The rich lead 
is either desilverized by the Parkes process or, if sufficiently rich, is sent to the cupels 
directly. The copper matte is blown to blist<^r copper in converters and refined eleo- 
trolytically ; or the converter copper is shotted by pouring in a thin stream into water; 
the shot copper is dissolv'od in shot towers or oxidizers by sulphuric acid; the copper 
is crystalliz(*d as blue stone, and tlie insoluble residue from the shot copper is trea^^d 
in the cupel or slime furnace for the values eontainc'd in the copper. 

A general rule not always observed in the treatiiu'nt of very rich material is that it 
is often wise to make chemical perf(*ction subservient to saving interest charges on the 
'metals tied up in the process. 
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THE METALLURGY OF COPPER 

By Fkancis R. Pyne^ 

The ores of copper may be classified under three main groups: native copper 
ores, oxide ores, sulphide ores. Native copper ores occur principally in the north- 
ern part of Michigan, and in three main forms: vein deposits, in which the copper 
occurs at times in enormous masses; amygdaloidal diabase, through which copper 
is disseminated ; conglomerate, in which the cementing material consists, to a degree, 
of metallic copper. Native copper also occurs in China to a small extent. In Chile 
it occurs as copper barilla, in which the fine metallic particles are disseminated 
throughout sandstone. 

The principal oxide ores are malachite, CuC03.Cu(0H)2; azurite, 2CuC03.(Cu- 
0H)2; cuprite, CU2O; atacamite, CuCU; and brochantite, C^S04.3Cu(0H)2. The 
oxide ores form mu(!h of the bulk of the South American and African copper supply. 
The principal sulphide ores are chalcocite, CnS; chalcopyrite, CuaSFejSs; covellite, 
CuS; bornite, 3Cu2SFe2S3; and to these should be added copper-bearing pyrite, 
FeS2. 

The sulphide ores, however, furnish the bulk of the copper supply of the world, 
though the oxide ores arc of importance. The advent of the flotation process of 
concentration followed by the development of selective flotation has virtually elimi- 
nated the direct smelting of ores and has substituted, therefor, the high-grade con- 
centrate resulting from the practice of flotation concentration prior to smelting. 

Smelting of Sulphide Ores. — In the smelting of sulphide ores, which may be 
considered as mixtures of copper and iron sulphides accompanied by siliceous or 
basic gangue, advantage is taken of the strong affinity of copper for sulphur and its 
weak affinity for oxygen, in comparison with the other bases in the ore. The object 
of smelting is Ix) cause by fusion the conversion of the gangue into as valueless a 
slag as possible by the addition of proper fluxes, and at the same time to concentrate 
the copper and other valuable constituents of the ore into a small amount of high- 
grade material for further treatment, 

IVo important materials are formed during the smelting of copper-sulphide ores: 

(1) the slag produced by the combination of the gangue of the ore and the added flux; 

(2) the matte which is the product of the fusion of the metallic sulphides. Of these 
two products, the slag receives the first consideration of the metallurgist, because the 
sulphides melt readily under almost any circumstances, but unless the slag-forming 
constituents are properly proportioned serious difficulties will result, 

A satisfactory slag must possess the following qualifications: (1) It must be as 
economical as possible, and to this end the other qualifications are subordmated, 
as a scientifically perfect slag may in the end be so expensive that any margin of profit 
is wiped out in its cost. (2) It must be sufficiently liquid to flow freely, but should not 
require an excessive amount of fuel to produce this condition. (3) The specific 
gravity should be sufficiently below that of the matte to permit the latter to separate 
thoroughly from it. 

^ Consulting engineeri Elizabeth^ N. J, . 
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The type of slag to be made depends, of course, on the slag-forming constituents 
available, and on the following general properties of the silicates. 

Subsilicatcs, — While these slags are very fluid, they have a high formation tempera- 
ture, and the specific gravity is so high as to make clean settling difficult, thus causing 
high metal lossi^s. In addition, they are very corrosive and destructive to furnace 
and settler linings. Their forimila is (Fe0)2.Si02. 

Monosilicates. — These an^ cpiite fluid, but have a high formation temperature 
and are of sufficiently high specific gravity to make clean settling difficult. Basic 
silicates have a high dissolving pDW<*r for metallic sulphides and thus t(uid to increase 
the metal loss in the slag. 

Sesqni silicates. — These are mixtures of monosilicates and bisilicates, and are gener- 
ally employed in smelting operations. They are sufficiently fluid to flow freely, the 
formation temperatun* is not excessive, and the specific gravity is sufficientljy low to 
permit of ch'an settling with a consequejit reduction of the metal loss. \ 

Bisilicales. — 'rhi‘se slags have a lower formation temp(*rature, and theWecific 
gravity is low. But they arc more or less thick and viscous unl(*ss a high working 
temperatures is carried in the furnace, so that the slag flows fre'cly. (■onsecmcntly, 
they require* more fuel and thus are more expensive. When used they are, hoi^'ever, 
very clean slags, ''llieir formula is F(*().Si 02 . ' 

Trisilicaics.— -Thci^Ci are seldom met with in any metallurgical practi(‘e as they 
require a very high temperature for tlieir formation, and, as th(*y are (‘xtr(*mely viscous, 
require an excessiv<' amount of fut‘I in order that they may flow properly. 

As silicat('s with two or more bas(*s are characterized by increased fusibility and 
fluidity, up to a certain point, it frequently becomes advantageous to have a small per- 
centage of lime present. Frequently, on account of a shortage of iron, it becomes 
necessary to replace it with lime to a considerable (*xtent, and this generally adds to 
the cost of tlie .slag. 

The amount of matte formed is depe»)dent on the amount of available sulphur 
in the ore. By available .sulphur is meant that sulphur that is present when tlie. 
temperature of the furnace is such that chemical activity commences between the 
coppc'r, iron, and sulphur. 

When the raw sulphides are subjected to heating in a neutral atmosphere, any 
sulphur ill (umibination with copper in excess of the compound CuaS will lx* expell(*d, 
and the product of fusion will be C'uaH, which may be said to be the stable compound of 
copper and sulphur. Similarly with the iron sulphides, any sulphur in combination 
with iron in exces.s of the compound FeS will be expelled, and a fusion will result in 
the formation of this compound. Should, however, the h(*.ating be carried to a point 
somewhere between 1200 and ISOO^'Cl, a further amount of the sulphur is volatilized 
and an equivalent amount of metallic iron is set free, giving a compound that may be 
written FcFeS, which is of great importance in pyritic smelting. 

From the above it is seen that chalcopyrite, Cu 2 SF(* 2 S!», will lose about one-quarter 
of its sulphur by heat alone; covcllite, C'uS, will lose* half of its sulphur; bornite, 3(kir- 
SFe 2 S 3 , will lose one-sixth of its sulphur, and pyrite, FoiSa, half its sulphur. For 
all practical purposes, matte may be considered to be a mixture of ( 'u 2 »S and FeS in 
varying proportions. It is also an excellent eollcctor of gold, silver, and the other 
precious metals. 

An ore high in sulphur and iron, but low in copper, wdll, upon fusion, produce a 
matte containing so low a percentage of copp(*r that its subsequent treatment would, 
under ordinary circumstances, cost too much, and as it is the object of the metallurgist 
to concentrate the copper in hi.s products up to the most economical point, steps must 
be taken to reduce the amount of sulphur available for the formation of matte and 
lower the amount of the latter produced per ton of ore smelted. 
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Such reduction may be accomplished in two ways, by an oxidizing roasting, or by 
subjecting the ore to an oxidizing fusion. When the ore occurs as massive sulphides, 
the latter method is frequently used where conditions make it economical; when the 
ores are not massive, the oxidizing roast is the predominating method. 

Roasting is the heating to an cdevated temperature, without fusion, or at least 
only with incipient fusion, of ores or metallic compounds in contact with oxidizing 
materials, in order to produce a chemical change or to eliminate a component by 
volatilization. In copper metallurgy, the oxidizing material is the oxygen of the air, 
and the object is the partial elimination of the sulphur in the ore. 

When a metallic sulphide is heated to a sufficiently high temperature with access 
of air, sulphur dioxide is formed together with a metallic oxide. 

2MS 4- 3 O 2 = 2MO 4- 2 SO 2 

Proper oxidation rtjquires a temperature sufficiently high to produce the necessary 
affinity between tlie ox 3 '^gen and the sulphur, but it must not be so high as to cause the 
surface of the ore particles to melt and form a protecting layer which retards the 
oxidizing aedion and ma}^ even cause it to cease. This temperature may be obtained 
by the combustion of extraneous fuel or by the heat of oxidation of the constituents 
of the charge. 

A second ri^quirement for proper oxidation is a constant and abundant supply of 
air in immt'diate contact with the surface to be oxidized. The necessity for an abund- 
ant supply is due to the fact that the oxidizing power of the air is lowered out of all 
proportion wlien diluted by the products of oxidation. In other words, if the air 
for oxidation is diluted with its own volume of gaseous products, the oxidizing effect 
of the resalting mixture will be much less than half the oxidizing power of pure air. 
The more rapidly th(‘ gaseous products are removed and replaced by pure air, there- 
fore, the more rapid will b(' the roast. 

The speed and the thoroughness of the roast are also governed by the size of the 
particles in the roast(u\ It is obvious that the finer the ore is crushed, the greater 
will be th(^ surface' exposed to the oxidizing influences. However, as fine material 
always results in lessees through handling, flue-dust losses, etc., it will be seen that there 
is an ('conornical point where the increased speed of roasting will be offset by the 
losses in material, the recovery of which necessitates expensive installations. The 
usual charge to h roaster (consists of a mixture of relatively coarse and fine particles, 
and th<' roast is carried to a point where the overroasting of the fine particles balances 
the unJerroasting of the coarse particles, so that the final mixture from the roaster 
gives the desired sulphur content. The various types of apparatus used in roasting 
copper ores may be roughly classified as follows: heaps, stalls, cylindrical furnaces 
with superimposed hearths, blast-roasting apparatus. These methods will be found 
described at length in Chap. X of the first volume, “Principles and Processes.'^ 

Types of Smelting Furnaces. — Flotation concentrates constitute the major 
portion of the modern smelter’s intake. Such concentrates consist of finely divided 
particles and range from 20 per cent copper upward to 30 or even 35 per cent. As a 
consequence, the blast furnace has become relatively obsolete, being almost uni- 
versally supplanted hy the reverberatory furnace. 

The blast furnace is used mainly for the treatment of coarse ores over 1 in. in 
diameter, though in many cases much finer ore than this is treated successfully; 
however, the devolopnaent of the modern reverberatory has progressed to the point 
where it has often been found to be more economical to crush the coarser ore to 

in. and treat in the reverberatory rather than in the blast furnace. 

The early types of blast furnace were constructed of brick, and the molten products 
were collected in a crucible located Sjt the lowest point of the furnace. This type of 
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furnace had two great disadvantages in addition to its small capacity. These were 
the destruction of the shaft at the smelting zone, and the impossibility of making a 
clean separation between the slag and the matte. 

The first of these difficulties was overcome by the adoption of the water jacket, 
which not only eliminated the corrosion, but also permitted a higher temperature to 
be carried, resulting in a more fluid slag. The second difficulty was solved by the 
use of the external settler, which not only gave an efficient separation between the 
slag and matte, but also allowed the speed of the furnace to be greatly increased. 

The modern blast furnace consists essentially of a long, narrow, water-jacketed 
shaft. The dimensions, particularly the length, vary considerably, being propor- 
tioned to the capacity of the furnace. The size of furnaces is expressed in terms of the 
dimensions at the tuyere level. The width, being limited by the ability of tl^ blast to 
penetrate the charge, is generally 44 to 48 in., though some furnaces are as narrow 
as 30 in., and others as wide as 56 in. As the width is practically fixtid within 
narrow limits, the only manner in which capacity may be obtained is by increasing 
the length, and pres(;nt-day furnaces have lengths of 180 in. to as much as 1044 in., 
in the case of the huge Anaconda furnaces. The capacity of blast furnaces depends 
greatly upon local conditions but may be said to vary from 4.5 to 9.0 tons Wr sq. 
ft. of hearth area per day. The bottom plate of the furnace is generally a'heavy 
ribbed cast-iron plate, supported by jackscrew^s. Upon this is laid a layer of fire- 
brick, though special circumstances may require the use of silica or chrome brick. 
Resting on the bottom plate are heavy cast-iron plates bolted together, forming the 
walls of the crucible. These are generally heavily ribbed to ensure the nec<*s8ary 
strength and are lined with the same material as is used on the bottom. In some 
instances, the w'alls of the crucible are formed by a set of w^at(T jackets, but the usual 
practice is to have the low'cr tier of water jackets rest directly upon the bottom 
plate, the lower ends being below^ the level of the matte and slag to prevent their 
burning through in case sediment collects in the w^ater spac(^. 

When the blast furnace is started, the radiation from the bottom and through 
the water jackets forms a crust of chilled material which remains permanently. This 
crust adjusts itself to the operations of the furnace. If it w'cars down, the increased 
radiation soon restores it to the proper thickness, while if the furnace cools dowm the 
radiation is decreased, the bottom builds up, but when the furnace is onc(; more at 
proper heat, the additional thickness is soon melted off. 

The water jackets are generally in two tiers. The low^er jackets rest either on 
the crucible plates, or, as has been stated, directly on the bottom plate. The upper 
tiers are suspended from I beams wdiich carry the furnace superstructure. The upper 
jackets rest on the top of the lower jackets. The lower side jackets are given a slope 
toward each other to form a bosh, the upper and end jackets being vertical. The 
amount of bosh depends on the amount of reducing action desired, as the greater 
the amount of bosh, the greater will be the reducing action. The w^ater jackets are 
constructed of flanged steel plate, the inner side being ?jo to in. thick, the outer 
side being somewhat thinner, H to ^ 6 in. The water space between the sides of the 
jacket varies from 3 to 5 in. The jackets are stiffened by means of angle iron run- 
ning vertically in the water space. Each jacket has its individual fe(id and discharge 
pipes for the cooling water, and where water is plentiful each jacket may be on a 
separate circulation, but where water is scarce the outlet of the low^er jackets may be 
fed to the upper jackets. 

The lower side jackets are pierced for the tuydre openings, there b(‘ing usually three 
tuyeres to each jacket. The opening is usually 4 to 6 in., and a steel thimble having a 
slight taper is welded to the inner plate and riveted to the outer plate. The tuy^^re 
pipes are generally of cast iron, and are bolted securely against the jackets, any leak- 
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age being prevented by asbestos packing. There is usually a cap on the outer end of 
each tuydre pipe, which is rt^adily removable to permit of punching the tuyeres when 
necessary. 

The tuyere pipes are connected by short branches to the main bustle pipe which 
carries the main air supply, the amount of blast to each tuyere being regulati^d by 
means of a valve. The volume of air required by the furnace varies widely, published 
figures being 190 to 400 cu. ft. per min. per sq. ft. of hearth area at a pressure of 
32 to 40 oz. It is probable that the variation in these figures is due to their being 
derived by taking the revolutions per minute of the blow^ers or the piston displace- 
ment, neither of w’hich is ac'curate, owing to the great amount of leakage. 

The breast jacket is located eith<*r in the side or the end of the furnace, the location 
being largely determined by the available floor space and tlic general arrangement of 
the plant. It contains the opening for the removal of the molten produ<;ls of the 
furnace and is securely attached to the adjoining jackets. The slag spout comveying 
the slag and matte from the furnace to the settler is fastened to the breast jWjket in 
such a manner as to permit of its ready removal when required with minimum delay 
to the furnace operations. The spout may be constructed of wrought ironV steel, 
copper, or bronze, and is w ater-cooled. The blast is trapped by having the discharge 
end of the spout about 18 in. above the opening in the breast jacket, so that as the 
molten material from the furnace rises in the spout there is sufficient head to over- 
come the pressure of the blast. The shape of the slag spout depends upon t h(* faiuues 
of the designer of the furnace, tliere being many different designs in us(‘, all of which 
appear to be giving satisfaction. 

The jackets gem*rally carry the shaft of th(‘ furnace to the ]t'V(‘l of the charging 
floor, though in some instances they are surmount(‘d by several coursi's of firebrick. 
Just below^ the charging floor th(‘re is generally a set of fe(*d or aj)ron plat(‘s for the 
purpose of distributing the charge uniformly in the furnace by directing 1h(^ fine 
material toward the center of the shaft while permitting the coarse material to fall 
along the sides. In many furnaces, how’ever, these plates are omitt(‘d owing to local 
conditions making their use unnecessary. 

Above the level of the charging floor is the superstructure of tlie furruure with the 
arrangements for feeding the materials of the charge and the* removal of the furnace 
gases. There are many modifications in the design of the superstructure. In many 
cases it is of brick to a heiglit of 12 to 14 ft. surrnounb'd by a steel hood for the removal 
of the gases. In other plants the entire superstructure is of steel and occasionally 
water-jacketed. 

The general practice of charging is through openings in the sides of the super- 
structure, w'hich may or may not he kept closed by doors betw^een (’harging. With 
the developimuit of mechanical charging devices the gases are in some instances draw’ii 
off below the point of charging, particularly wrhere tlu^ gases ani utilized in the manufac- 
ture of acid. Care should be taken to keep the charge opimings closed between (charges 
on account of the great leakage of air that would otherwise occur, with its consequent 
detrimental effect on the draft of the furnace. 

Air- or water-cooled steel hoods have marked advantages over the brick hood on 
account of the ready removal of accretions therefrom, and there seems to be less 
tendency for these accretions to form on this type of hood. 

The furnace gases, on leaving the hood, pass through a downcomer of brick or 
steel, then to some sort of a settling chamber to remove the coarse particles of dust, 
and thence to the stack. The recovery of the flue dust is a matter of serious impor- 
tance, and the methods used w ill be discussed at a later point. 

The settler serves not only as a means for separating the slag and matte by reason 
of the difference in their specific gravities, but also as a reservoir for the storage 



THE METALLUMY OF COPPER 283 

of matte until such time as it may be required. A plant that treats its own matte, 
therefore, requires a larger settler than does one that casts its matte directly into 
molds for shipment to some other plant for treatment. The settler is circular or 
oval, depending on local conditions and the plant layout, and consists of an iron 
shell lined with refractory material. The diameter may be as great as 26 ft., though 
18 ft. is the usual dimension, the depth being 4 to 5 ft. The lining material varies 
greatly and depends on the grade of the matte, and character of the slag, the most 
rapid wear being occasioned by the very corrosive and fiery low-grade mattes usually 
accompanied by basic slags. A high-grade matte and an acid slag seldom cause 
much trouble through corrosion. The settler lining, where there is little corrosion, 
may be made of firebrick or silica brick; where corrosion is feared, the lining is gen- 
erally of magnesite or chrome brick, or a combination of the two. Frequently, 
chromite or chrome ore is rammed into place and faced with a row of bricks to hold 
it in place until the h('at of the molten material sint(TS it together. The lining is 
frequently protected by spraying water on the steel shell of the settler; this keeps 
the outside cool and cause.s a crust to form on the lining. 

The roof of the settler is formed by the chilling of the slag, amounting to a thick- 
ness of sev('ral inches except at the point where the molten stream enters and leaves. 
'Fhe working platform was formerly this chilled crust but is at the present time a 
steel platform dir(ictly ov(ir th('. s(dtler. 

The .slag overflows are constructed of cast iron coated with clay or other material, 
and arc situated as far away from the entrance as possible, thus affording more time 
for settling. In many cases these overflows are situated at the side of the settler, due 
to the arrang(‘nient of the plant. The slag quietly flows out of the settler, and through 
these overflows into slag cars by which it is conveyed to the dump, or else it may bo 
granulated by means of a strong stream of water, which not only granulates it but 
also carries it through launders to the dump. 

The matte is withdrawn from the settler through tapholes situated close to the 
bottom. There are generally two of these holes, though many plants have but one. 
The hole in the wall of the settler is l}/i to 2 in. in width and may be lined with chrome 
brick. Opposite this opening and attached to the shell of the settler is a copper or 
iron frame in which is secur(*ly wedged the tapping plate, which may be either iron 
or copper. The tapping plate has a 1-in. hole in the center into which a clay plug is 
rammed. A steel tapping bar is rammed through the clay plug until it almost 
reaches the rnattt^ and remains in that position until the tap is made. This is accom- 
plished by withdrawing the steel bar by sledging against wedges held in place on the 
bar by rings. The matte flows from the taphole into the matte launder of cast iron, 
thickly coated with clay to protecit it from corrosion, and from there into the ladle, 
which is usually of steel lined with cement and clay. During the tapping the workers 
are prote(tted from the heat and splashes of matte by means of a slotted sheet-iron 
door which is swung out of the way when not required. 

The charging of the blast furnace is accomplished in a number of ways. Hand 
charging gives the best regulation of coarse and fines and also possibly effects a saving 
of coke. It is frequently used up to capacities of 300 to 350 tons per day and in 
some cases even higher. It, however, is expensive and too slow for the average modern 
blast furnace smelting 600 to 700 tons per day and has, therefore, been superseded by 
some form of mechanical charging, parti<5ularly as the larger furnaces are less sensitive 
to slight irregularities in the charges than the smaller furnaces. 

The general plan in use at the present time is to charge the furnace from side dump 
cars, varying greatly in their design, which are brought to the furnace in a train by a 
locomotive, and travel on tracks on each side of the supexstructure. The contents of 
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the car may be dumped at one point, or the car may be moved along the length of the 
furnace while being dumped in order to distribute the charge. 

Another scheme provides for the charges being brought to the furnace in cars and 
dumped on the charging floor from which they arc pushed into the furnace by a 
mechanical pusher. At Granby, the furnaces w(ire charged by pushing the charge 
cars into the furnace at the ends, from which they ran on tracks inside the furnace to 
the point of discharge. This gave a straight fall of material and provided good 
distribution. 

In some plants the coke used for fuel is mixed with the charge and then sent to the 
furnace, but the usual practi(‘e is to charge it separately, and the utmost endeavor 
is made to keep the consumption of coke at a minimum, although this is not always 
easy to do, as the average furnaceman considers coke as a panacea for all ills. 

Sizes of modern blast furnaces are shown in the following table: 



Area, 

inches 

Blast, 

ounces 

Capacity, 

tons 

\ 

United Verde 

48 

320 

40 

950 

Unfted Verde Extension 

48 by 

312 

30 

600 

Mason Valley 

66 by 

420 

33 

1,000 

Calumet and Arizona 

48 by 

480 

35 

900 

Garfield 

48 by 

240 

40 

600 

Tacoma 

45 by 

261 

35 

6^0 

Anaconda 

56 by 

612 

40 

1,400 

Anaconda 

56 by 

1,044 

40 

2, .500 


The modern furnaces are vastly more efficient and economical than those formerly 
in use. Owing to the large amount of material in the furnace, they are less susceptible 
to slight irregularities. There is a saving of fuel, possibly amounting to 10 p(*r cent, 
and there results a higher furnace temperature, giving hotter slag and enabling a more 
siliceous charge to be run. There is a marked decrease of incrustations, which elimi- 
nates the necessity for much barring. It has been found possible to change a leaking 
jacket without shutting the furnace down. This is accomplished by blocking off the 
tuyeres in the leaking jacket as well as those in the adjac<mt jackets and allowing a 
crust to form that is sufficiently strong to support the charge during the short period 
necessary to make the change. 

There are three distinct processes in blastr-furnace smelting: (1) The r(Hluction 
process, in which a considerable percentage of coke, 15 per cent, is used. The blast 
oxidizes the carbon of the coke and but little of the sulphur in the ore. This is the 
process most generally used. (2) The pyritic process, in w hich raw' massive sxilphides 
are smelted in a highly oxidizing atmosphere without the addition of carbonaceous 
fuel. The heat generated by the oxidation of the sulphur and iron is sufficient to 
maintain a continuous operation. (3) The partial- or semipyritic process in which 
sufficient heat is not generated by the oxidation of the sulphides and carbonaceous 
fuel is added to the charge in just sufficient quantity to overcome the deficiency. 

The Reductioii Process. — This process is characterized by the xise of carbona- 
ceous fuel as the principal source of heat. The sulphur content of the charge is 
sufficient to form the desired matte, and any oxidation is generally undesirable* 
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The percentage of coke, which is the usual fuel used, varies from 12 to 15 per cent* 
An excessive amount of coke is liable to cause a reduction of iron from the slag, 
while with a shortage the furnace becomes chilled and suffers a loss of tonnage. 

The use of such an amount of coke means that the furnace always contains a large 
mass of glowing coke for a considerable distance above the tuyeres, and consequently 
the oxygen in the blast is consumed almost immediately, resulting in a strong reducing 
atmosphere. Such being the case, it is readily seen that any sulphides present will 
melt down unchanged and form matte. An ore high in sulphur would, therefore, 
yield a large amount of matte which is expensive to treat, and it is clear that little 
would be gained by the reducing smelting of such an ore, and that a portion of the 
sulphur must be eliminated by a roasting process previous to the treatment in the 
blast furnace, or else the sulphides may be mixed with oxide copper ores to increase 
the grade of the matte. A certain oxidation of sulphur may bo accomplished in the 
blast furnace by keeping the oro column low and increasing the blast, but such pro- 
cedure generally results in a very hot top and high temperatures of the waste gases 
and, in gene;ral, is not economical. 

Regarding the chemistry of the process, the blast entering through the tuy^es 
oxidizes the carbon of the coke to CO 2 , which is then partly reduced to CO by the 
glowing mass of coke in the furnace, the resulting gases being a mixture of CO, COa, 
and the nitrogen of the air. As these gases rise in the furnace and reduce the oxidized 
materials, the percentage of CO 2 incn'ascs and will predominate in the waste gases. 
Any remaining CO is usually burned to CO 2 in the upper part of the furnace. 

As the charge descends in the furnace, its moisture is driven off almost immedi- 
ately, followed bv the decomposition of such carbonates as may be present. At a 
lower point the oxides and silicates of copper will be reduced, and on coming into 
contact with metallic sulphides will be converted into copper sulphides which, with 
any existing sulphides, melt and flow downward to the crucible, collecting the silver 
and gold as they descend. Ferric oxide, Fe^Oa, is reduced to ferrous oxide, FeO, 
which combines with the silica to form slag as does any lime or other flux added to the 
charge. When the molten mati'rials have collected in the crucible below the tuyeres, 
the various sulphides adjust themselves to form the proper matte, and likewise the 
various slag components adjust themselves to form the proper slag. 

The Pyritic Process. — The feature of this type of smelting is that the heat neces- 
sary to conduct the operation is furnished by the oxidation of the constituents 
of the ore, little or no extraneous fuel being used for this purpose. Up to 2 to 
3 per cent of coke may be added to the charge purely as a preheating medium 
and possibly to secure a more open charge. It certainly never reaches the smelt- 
ing zone. 

The esstmtial requirements for pyritic smelting are siliceous material which is 
high in free silica, and heavy pyrite ore. It is necessary for as much of the silica as 
possible to be in the free state in order that it may combine with the ferrous oxide at 
the instant of its formation. Combined silica is unsuited to the pyritic process as it 
is already unit^ed with one or more bases and consequently requires a large amount of 
heat to break up the existing combinations and form new ones with the ferrous oxide, 
and generally in the pyritic process there is not any too large a margin of heat. 

The pyrite ore not only furnishes the heat for the operation, but also the sulphur 
required for the matte, and it must consist largely of iron pyrites, as any oxidation of 
the coppt^r sulphides would result in the slagging and consequent loss of the copper 
oxides. 

As the charge sinks in the furnace, any moisture present is quickly driven off, 
followed by the dissociation of the limestone added as flux. The free sulphur in the 
sulphides will be expelled as heavy fumes of elemental sulphur, and at a point just 
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above the smelting zone the pyrite has been changed to FeFeS, which is the true 
pyritic fuel of the process. 

The blast entering the furnace through the tuyeres strikes the hot fused sulphides, 
oxidizing the Fe to FeO and the S to SO2. The FoO simultaneously unites with the 
silica to form a ferrous silicate slag, while the SO2 rises through the charge and pre- 
heats it assisted by the oxidation of such coke as may be present: 

C + SO2 = S + CO2 

The matte collects below the tuyeres, as does also the ferrous silicate slag after uniting 
with the lime to form the final slag. The fused mixture then flows through the spout 
to the settler. 

The grade of the matte produced and the acidity of the slag are controlled by the 
volume of air blown into the furnace. A reduction in the amount of air will cause 
less of the sulphide to become oxidized, and the grade of the matte will, therefore, 
be lowered. At the same time the slag will become more siliceous, as lei® iron is 
oxidized, and this condition will interf(*re with the process unless the amount of sili- 
ceous material in the charge is reduced. On the other hand, any inoreasA in the 
volume of air will oxidize an additional amount of iron, raising the grade of the nmtte 
and increasing the iron in the slag unl(‘ss additional silica is provided. 

A peculiarity of the pyritic process is the artificial bosh formed on the side and 
end walls of the furnace. This contracts the smelting area t.o a long, narrow slit. 
This bosh is composed of fragments of quartz struck togetlicr by slag or by superficial 
softening, and seldom contains matte. Its position in the furnace is not fixed, but 
varies under diffenmt conditions. 

While in reducing smelting the tuyeres are bright, in pjTitic smelting they are dark 
and arc bridged across. It has been stated that a bar can be passed through the 
furnace from one tuyere to the opposite tuyere and be cool when withdrawn. This 
indicates that the zone of fusion is w(‘ll above the tuyeres liiu^ and that the molbm 
material passes througli channels between the tuycV(‘ 8 . 

Partial pyritic smelting is used when the available sulphide ores are not massive 
but consist of pyritic mat (‘rial disseminated throughout the gangu(i, wliich is generally 
low in free silica and which may contain some alumina. 8 u(di or(‘s an^ not capable of 
furnishing by thems(dves sufficient heat for the continuance of the procu^ss, and it is, 
therefore, necessary to add carbonacc^ous fuel. In some instance's it has b(‘eu found 
advantageous to preheat the blast, as thereby a saving is ace^ornplished in the amount 
of fuel used. 

In the partial pyritic process the slags are rather low in iron, as the presence of 
coke requires much of the oxygen of the blast for its combustion and there is less 
available for oxidizing the iron in the sulphides. The (‘xccjss silica wdll, theTcforc, 
have to be taken care of by the use of lime. In order that there may be any consider- 
able pyritic effect, a large amount of blast is necessary, and this usually results in the 
furnace having a hot top. 

The smelting zone is nearer the tuyeire level and is not so contracted as in pyritic 
smelting, but is higher and more contracted than in reducing snu'lting. The tuyeres 
are frequently dark and niquire a great de^al of punching to keep them open. 

The principal features of the blast furnace for the treatment of coarse ores are that 
its construction is simple and the erection is comparatively inexpensive. Where small 
, ^Swtallations are required, they can be purchased complete and are easily transportable 
from one location to another. The furnace is easily started and shut down, and the 
operation is relatively cheap. The fuel consumption is low, and there is the possibility 
of utilizing the fuel value of the iron and sulphur in the charge, and the heat is effi- 
ciently communicated to the individual parts of the cliarge. 
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more or less horizontal roof. The heating of the ore is accomplished by the radiation 
from the roof and side walls rather than by direct contact with the hot gases. 

It is particularly suitable for fine materials on account of the relatively quiet 
atmosphere, due to there being no blast, and there are greater opportunities for the 
settlement of dust than in the blast furnace. As the furnace atmosphere is neutral, 
or very nearly so, it has little or no influence on such reactions as occur in the furnace, 
and it, therefore, follows that the reverberatory is purely a melting furnace. 

The functions of the furnace are that it shall melt down ore and flux as rapidly as 
possible with a minimum of heat loss; it should permit the formation of matte and slag 
from the mixture of oxides, sulphides, and sulphates in the charge ; and the tempera- 
ture must be sufficiently high to render the matte and slag perfectly fluid in order 
that there may be complete settling with a minimum of loss in the slag. | 

In order that the furnace may melt as rapidly as possible, it is necessary Ibhat there 
be a good draft, in order that the great volume of gases that have been coiled down 
by their contact with the roof, walls, and charge be replaced as speedily as possible by 
fresh hot gases. \ 

The heat losses are kept at a minimum by the elimination of side-door Charging 
with its consequent admission of large volumes of cold air; the walls and roof aie made 
as thick as economically possible to reduce the radiation losses. 

The heat of the gases is utilized to the greatest possible extent by making the fur- 
nace as long as will permit the charge being kept in a fluid condition without an exces- 
sive consumption of fuel, and such heat as necessarily leaves the furnace as sensible 
heat in the waste gases is, to a large extent, recovered by passing them through waste- 
heat boilers. 

The hearth is of silica sand 24 to 30 in. in thickness. The sand is given a prelimi- 
nary calcining and is then leveled and sintered into place by long, continuous firing. 
As the modern practice is not to drop the charge on the hearth, but on a bath of molten 
material which is supported by the hearth, there is little wear on the latter, resulting 
in a very long life. Crushed quartz may be used instead of sand. 

The reverberatories of the new Morenci plant of the Phelps Dodge Corp. are 110 
ft. X 31 ft. 3 in. outside the walls, which is somewhat smaller than furnaces built 
some years ago, some of which were 130 ft. long. These furnaces are designed to 
smelt 650 tons of charge per day. The walls are stepped or tapered from 1 ft. mini- 
mum at the top to 4 or 5 ft. maximum thickness at the bottom. Construction is 
silica brick, lined with magnesite except in the charging zone. Silica brick is used for 
the arch, which is 20 in. thick, 35 ft. in radius, and is horizontal for its full length. 
It is 9 ft. high at the spring line, measured from the top of the silica bottom, which is 
at the same level as the reverberatory building floor. A 2-ft. layer of crushed silica 
is used for the bottom. Below this is a layer of poured slag 8 ft. thick near each end 
of the furnace and 4 ft. thick in the intermediate zone. The 8-ft. depth is provided in 
order to bury the lower tie rods for resisting endwise expansion of the furnace. 

One large longitudinal tie rod runs the full length of oach side of the furnace, and 
the buckstays are tied across with horizontal tie rods in the Uwsual manner. Heavy 
concrete walls take the bottom buckstay thrust and confine the silica and slag bottom. 
Pilasters, 13 in. square, at the buckstays space these members from the face of the wall. 

A few years ago the amount of iron sulphide in the flotation concentrates practically 
forced the use of roasters, and the calcines were usually delivered to the reverberatory 
as hot as possible. The improvement in grade of concentrates due to differential 
flotation is such that in the new^ Morenci plant roasting has entirely been dispensed 
with and the concentrates are charged wet through a series of charge spouts at 4-ft« 
centers along the furnace roof. They contain about 9 per cent moisture. Such 
coarse ore as is suited for direct smelting, which would formerly have been treated in 
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blast furnaces, is crushed to in. and added to the reverberatory charge beds. The 
necessary lime flux is also crushed and added to the beds. 

The advantages of wet charging are the elimination of the roasting plant and the 
facts that there is no dusting in the furnace and that there is a great decrease in the 
accumulation of magnetite on the hearth. So far it has been limited to plants 
operating in mild climates and would probably offer great difficulties in cold climates. 

Depth of the bath is nominally 3 ft. Three matte tap plates, for alternative use, 
aie placed on each side of the furnace near the firing end, with the single slag tap in 
the side wall near the uptake flue. The slag launder branches to two openings over 
different tracks. The highly superheated bath readily gives up heat to the fresh 
charge, and it receives further heat from the radiation from the roof and quickly melts. 

The resulting slag and matte now move toward the tapping end of the furnace 
and have ample*, time in which to separate cleanly. The slag may be tapped inter- 
mittently or allowed to flow off continuously, the latter coming more into favor as it 
results in cleaner slags. The matte is tapped from the fore part of the furnace, as 
required by the demands of the converters, in a manner similar to tapping a blast- 
furnace settler. 

The fuel used in the modern large reverberatory furnace is gas, pulverized coal, or 
fuel oil, depending on the relative cheapness of the fuels. When pulverized coal 
is used, it is ground so that 80 to 90 per cent will pass a 200-mesh screen, and is blown 
into the furnace with about 15-oz. air pressure. The coal used may vary in ash 
content from 6 to 7 per cent up to as high as 15 to 20 per cent without giving trouble. 
The ratio of charge to find varies from 5 U}7}4. The burners are inserted directly in 
the rear wall of the furna(^e and several burners are used, four to six being the usual 
number. The type of burn(*r varies in each plant with apparently equally satisfactory 
results. 

When using fuel oil in the furnaces it is generally 17 to 19 B6 and is preheated to 
about 200 to 250®F. before burning, as this results in fuel economy. The amount of 
fuel oil used per ton of charge varies from 0.50 to 0.70 bbl. When as much heat as 
possible has been extracted from the gases, they are passed through waste-heat boilers 
for a further recovery. These are 500 to 750 b.hp., and they frequently are con- 
nected to a common cross flue extending from all the reverberatory furnaces, so that 
in case of a shutdown of a furnace the boiler capacity will not be lost, and if a boiler 
is down for cleaning or repair the other boilers are available for the utilization of the 
waste heat. It has been found to be advisable to have the flues from the furnaces to 
the boilers slope slightly toward the furnaces, as otherwise trouble may be experienced 
from the accumulation of slag. 

Natural gas is a highly efficient, clean fuel, but obviously its use is limited to 
localities adjacent to natural gas fields. Fuel oil and natural gas have an advantage 
over pulverized coal in that there is no ash which would increase the amount of slag. 

In the new Morenci plant, two groups of four multiple-jet low-pressure gas burners 
fire through two rectangular ports. The burners are suspended from individual 
trolleys, permitting withdrawal from the firing position, and an oil burner accom- 
panies each one, for emergency or auxiliary use. A suspended arch forms the top of 
the firing wall. 

Following modern practice the S}4 X 23 ft. uptake flue is made as short as possible 
and branches to tw^o waste-heat boilers. The flue bottom slopes steeply back toward 
the furnace to drain the slag. The roof and the back wall are of suspended construc- 
tion, using magnesite brick. A solid brick damper can be dropped through a slot 
to cut off one boiler. 

At a new Canadian plant, using suspended-arch construction, the width of the 
funiace is 35 ft. in the smelting zone. AU Canadian plants are using side feeding, the 
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unsmelted charge being kept away from the skimming bay. The American Smelting 
and Refining Co. favors a deep-bath gun feed. Water-cooled jackets along the bath- 
line of deep-bath smelting furnaces appears to have become standard practice. 
Copper jackets with IJ^-in. water coils have proved most satisfactory.^ The use of 
about 3 per cent of bentonite has been found very helpful in making a silica slurry 
mixture that will adhere to brickwork. Magnetite sand is now (1943) being tried for 
reverberatory bottoms, with the hope that its higher specific gravity and lower 
coefficient of expansion, as compared with silicia, will make it a decided improvement. 
The reverberatory is more independent of type slags than is the blast furnace. 
So far as reverberatory slags may be said to be typical, current practice appears to 
tend to a slag containing 37 to 38 per cent Si02, 39 to 40 per cent FeO, 4 to 6 per 
cent AlaOs. [ 

In the reverberatory furnace an 3 ’^ reducing action is performed by the sulphur in 
the charge, 'lliis reacts with the oxides and sulphates to produce metallic copper 
and sulphur dioxide. The metallic copper is then sulphurized by th(? sulphides of 
iron present, oxidizing the iron to FeO, which combines with the silica present to 
form the slag. The reverberatory furnace will make a higher silica slag than a blast 
furnace, owing to the higher available ten\pcrature. Any iron oxide, Fe208, present 
in the charge is ac.ted upon by the sulphides and reduced to FeO, uniting with the 
silica. 

The grade of matte produced by the reverberator^^ furnace depends upon the 
degree of roasting that the ore has received or the cleanness of the concentrate. If 
a higher grade of matte is desired, the roast is carri(‘d to a higlu'r d(^gr(?e, and if the 
matte is too high, the roast is not pushed to the same comph'teness. In the roasting, 
care must be taken that no magnetic oxide of iron, Fe 304 , is forin(‘d, as su<di mi^terial 
forms a mush in the furnac(‘ and is difficult to remove. When it o(‘curs, the nhnedy 
is to add a large amount of green sulphide ore to the eharge, which will reduce the 
magnetite to FeO. 

Comparing bla.st-furnace and reverberatory-furnace smelting, the former requires 
coarse ore in order to give the b(‘st satisfaction, liltle space is retpiired, and the in- 
vestment is low for any given tonnage. The fuel, though small in amount, is rela- 
tively expensive, and considerable power and a large amount of (*ooling water are 
required. Blast-furnace s>ags can be mad<^ between very wide limits, but the addi- 
tion of a large amount of flux results in the production of a large amount of slag with a 
corresponding metal loss. 

The reverberator^’’ furnace is the most satisfactory and advantageous apparatus 
in which to treat fine ores, hut it usually’’ requires an extensive roasting plant and in 
itself occupies a large amount of space and locks up a large aiuount of valuable metal. 
Hence the investment is large for a given tonnage. While large amounts of low-priced 
fuel are tised, a largo proportion of the heat in the gases is recovered in waste-heat 
boilers and this greatly reduces the pow'er cost. The amount of slag and, conse- 
quently, the metal loss are less than with the blast furnact^. With the ever-increasing 
amount of fine ores to be treated, the reverberatory furnace is fast displacing the 
blast furnace, and it has been found advantageous in certain localities to use reverbera- 
tory smelting for coarse ores that under ordinary' conditions would go to the blast 
furnace. 

Converting. — When copper and other valuable constituents of the ore have been 
eoncentrated into the matte, and the worthless material disposed of as slag, the next 
step in the process is the removal by oxidation of the iron and sulphur of the matte. 
This is accomplished by transferring the molten matte to a refractory-lined vessel, 
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known as a converter, and forcing thin streams of air through the liquid mass* The 
reactions involve the rapid oxidation of the iron and sulphur and the fluxing by silica 
of the iron oxide thus produced. The sulphur dioxide formed by these reactions 
passes off in the waste gases. The heat of oxidation is such that the materials are 
kept in a molten condition, and the temperature is maintained well above that neces- 
sary for the formation of the slag, so that the process is independent of heat from 
external sources. The copper, together with any silver or gold, is reduced to the 
metallic form and is cast into suitable shapes for transportation to the refinery for fur- 
ther treatment. 

The converter is a cylindrical iron or steel vessel lined with refractory material. 
A conical mouth is provided through which the matte is introduced, the slag and 
blister copper withdrawn, and the gases pass to the sta(jk. The air for the oxidation 
is introduced througli the side of the converter by means of tuyeres leading from a 
wind box attached to the outside and having a connection with the blast main. 

The early types of converters were blown from the bottom, similar to those used 
in the steel industry, but this mtdhod was not a success, due to the chilling effect of 
the blast on the copper, which, when produced, sank to the bottom of the converter 
and froze in the tuyeres, thus stopping the operation. This was remedied by raising 
the tuyeres so that there was space for the copper to settle underneath the blast. 

The refractory lining may be composed of either acid or basic material. The acid 
lining, tliough formerly universal, is practically entirely supplanted by the basic 
lining. The functions of tlie lining are to preserve the steel shell and form a recep- 
tacle for the molten materials, and to prevent radiation losses to the greatest possible 
extent. 

In th(* acid lining the material used should contain the largest possible amoxint of 
free sili<‘a. ^Flje material generally used is lovv-grad(i siliceous ore, whi(di, while it 
may not be so desirable jnetallurgically as quartz, is smelted for nothing, and the 
valiums recovered from an otherwise profith'ss material make thtj substitution eco- 
nomical. The ore is crushed and mixed with a binding material in a mill, and is 
poundtKl down hard in th(^ bottom of the converter by tamping machines until it 
reaches to the proper distance below the tuyere level. At this point a steel or wooden 
form is plained in the conv(;rt(T, and the lining material is rammed around the form 
in layers about 6 in, in thickness. When the operation is completed, the form, which 
is sectional, is removed and the tuyere holes are punched in the lining. The hood is 
then inverted and lined and plac<‘d upon the body of the converter and securely bolted 
in place, the joint being covered with clay. 

The freshly lined converter is now dried slowly by a wood fire, after which coke is 
added and kept burning by an air blast through the tuyeres for 5 or 6 hr., after which 
the converter is ready for operation. 

The basic lining is magnesite brick, the thickness varying from 9 in. at the top 
and sides to 18 in. along the tuyere line and bottom. The brick may be laid in 
magnesite powder and linseed oil, or sodium silicate may be substituted for the linseed 
oil. In order to furnish room for proper expansion, liners consisting of thin strips of 
wood are placed at intervals along the sides. After lining the shell, it is carefully 
w^armed to prevent spalling and is then ready to be placed in the stand. 

The air for oxidizing the sulphur and iron is admitted through tuyeres usually 1 
to in. in diameter, placed about 8 to 12 in. above the bottom. The tuyeres are 
connected to a wind box having openings opposite eat^h tuyere to permit of punching 
when necessary. These openings are pro^dded with ball valves to prevent leakage 
of air while the converter is operating. The air is supplied at a pressure of 10 to 
20 lb., depending upon the type of converter used and the depth of matte carried. 
The amount of air required will depend, of course, upon the grade of matte being 




3o.— Cross section, Peirce-Snuth converter. {Courtety of TrayUrr Eng. & Mfg. Co.) 
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converted, but will average 160,000 to 200,000 cu, ft. of free air per ion of blister 
produced for a 40-per cent matte. 

The grade of matte that is most economical to treat in the converter depends upon 
the cost of the preceding operations. A low-grade matte, low in copper but high 
in iron, has the advantage of enabling a high temperature to be obtained owing to 
the fuel value of the FeS. On the other hand, the amount of iron that must be 
slagged requires a corresponding amount of silica, and produces a large amount of 
slag carrying considerable copper w’hich is too valuable to waste and must, therefore, 
be re-treated for the recovery of the copper contents. The amount of copper per ton 
when using low-grade matte is relatively small, and the cost of treatment therefore 
high. 

A high-grade matte, high in copper but low in iron, has the disadvantage of con- 
taining less heat, and there may be difficulty in maintaining the desired temperature. 



Fi«. 4. — Peirce-Smith converter 


The amount of slag produced is decreased with a consequent lower re-tr(iatment cost 
per ton of copper produced, and the cost of converting is reduced due to the larger 
amount of copper per ton of matte. The economical grade is r(?ach(*d, other things 
being equal, wdion the cost of fluxing the iron in the regular smelting operations is less 
than doing so in the converter. 

The operation of acid converting is conducted by first heating the converter to 
the required temperature by the use of wood and coke. The proper amount of matte 
is then introduced through the mouth, the blast turned on, and the converter turned 
up so that the mouth is under the hood conveying the gases to the stack. The tuyeres 
are now below the surface of the matte and the oxidation commences. There are two 
main stages in the operation: (1) the elimination of the iron, or blowing to white metal; 
and (2) the elimination of the remaining sulplmr, or blowing to blister. 

During the first stage the iron sulphide is oxidized to FeO, the sulphur oxidizing 
to SO 2 and passing off in the waste gases. The P^eO immediately attacks the siliceous 
lining to form the slag. Any copper that may be oxidized is immediately resulphur- 
ized by reacting with the iron sulphide. As the oxidation proceeds and the iron is 
slagged, the matte remaining in the converter gradually approaches wrhite metal 
(CuiS). This change may be followed by noting the character of the flame issuing 
from the mouth of the converter. At the start of the operation it has a reddish color 
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changing to a green, and as the white-metal stage approaches, to a pale blue. If, 
however, an impure matte is being converted, the dame indications are unreliable, 
and dependence is placed on the appearance of the layer of matte on the punch rod 
which is inserted in the tuyeres to keep them open for the passage of the blast. When 
the white-metal stage has been reached, it is indicated by the working of the matte on 
the rod. 

When the iron has been slagged, the converter is turned down, the blast shut off, 
and the slag skimmed into a ladle. In order to determine when the slag has been 
skimmed clean, a rabble is held under the stream and any white metal coming over 
will be seen by its working on the iron of the rabble. When the slag has been skimmed, 
a fresh charge of matte may bo introduced and the operation repeated. This is known 
as doubling, and is done for several reasons. If the temperature of the charge is too 
low, there may be danger of freezing during the finishing blow ; the fresh addition of 
matte, th<»refore, gives fresh fuel with which to raise the temperature. If the matte 
is low grade, tliere may not be sufficient white metal present to cover the tuyeres and, 
therefore, more matte must be added. If the converter cavity has become enlarged, 
tVic same condition prevails, and sufficient matte is added until the amount of white 
metal r<*maining is sufficient. 

During the second stage the sulphur in the white metal is oxidized, the sulphur 
passing off in the gases as sulphur dioxide, the oxidized copper rea(*.ting with the 
remaining white metal to produce* metallic copper and sulphur dioxide. The copper 
settles below the tuyere level and collects any silver and gold that may have been in 
the matte. During this period the flame of the converter changes from a pale blue to 
reddish brown, and the metal on the punch rod becomes more and more coppery. 
When the charge is finished, the converter is turned down, the blast shut off, and the 
metallic copper poured into a ladle for casting, or it may be cast direct from the con- 
V(*ri(*r. The former practice is to be preferred, as the latter causes too much delay 
1o the (onverter and keeps down the tonnage treated per day. 

The main objection to the* acid process of converting is the rapid destruction of the 
lining by the union of the FeO with the silica, the latter being the sole source of silica 
supply. The life of an acid lining is limited to a relatively few charges, depending 
on the grade of matte converted, a low-grade matte being more destructive than one 
of higher grade, due to the. larger amount of iron slagged. The (ixpense of constantly 
renewing the lining was heavy, and for years efforts were made to find a lining that 
would not ])e attacked by the iron. After many attempts and failures this was suc- 
cessfully accomplished by Peirce and Smith. 

Basic-lined Converters. — The operation of converting in the basic-lined con- 
verter is similar to the acid operation as far as the reactions go, but the silica for 
slagging must be supplied from some external source. As the charge of matte is in 
the converter, the necessary amount of siliceous ore is added, the blast turned on, 
and the converter turned up. The flux is generally thoroughly dried before being 
added to the matte to avoid explosions, though in some plants the siliceous flux is 
blown into the converter and spreads out over the matte in thin layers and, conse- 
quently, does not have to be dried. 

The basi(i-lintd converter cannot be operated at the temperature of the acid con- 
verter on account of the destruction of the magnesite lining at high temperatures. 
The lower temperature required necessitates a great deal of punching of the tuydres. 
With a low-grade matte there is a greater heat liberation than when a high-grade 
matte is being converted, and great care is necessary that the bath be not overheated. 
Too high a temperature retards the converting, attacks the lining, and tends to warp 
the converter shell. On the other hand, too low a temperature makes the tuyere 
punching very difficult, makes a sticky slag, and is liable to cause the formation of 
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magnetic oxide of iron which builds up on the bottom and sides of the converter. 
Owing to the nature of the process, the basic converter operates at a lower temperature 
than the acid process, mainly on account of the large quantities of cold ore added as 
flux. 

The critical stage of the operation is at the finish of the slagging period. If there 
is insufficient silica present to take care of the iron, magnetite will be formed, while 
an excess of silica causes a sticky slag. Magnetite is also caused by an insufficiency 
of silica during the blow to white metal, and this has been taken advantage of to give 
added protection to th(^ lining. Wheeler and Krejci at Great Falls, Mont., patented 
a process of blowing a low-grade matter with either no silica or else a very small amount. 
This causes the iron to form magnetite, which covers the magnesite lining to almost 
any desin'd thickness and thus grc’atly prolongs the life. When this coating wears off 
in the course of the succeeding operations, it may be readily renewed during the next 
charge. 

The iriain advantages of the basic converter over the acid converter are the greatly 
dc^creased cost of lining; the use of much larg(‘r converters, whhdi make for labor and 
power economies; a lower-grade matte can be treated than in the acid converter; 
the copper in the slag is lower; low-grade ores can be used for flux that coxild not other- 
wise be treated profitably; there is less slop from the converters; and the copper is 
produced in a short(T time. 

The slag from tli(^ converting process, containing as it does 8ev(iral per cent of 
copp(‘r, is too rich to Ix^ thrown away and is returned to the blast furnace or reverbera- 
tory, or may be treatcHl in a slag-cleaning furnac(‘. At some plants, it is the custom 
to pour th(* molten slag into the blast-furnace settler. This is done on account of 
the blast -furnac(' charge being so high in iron that the added iron from the converter 
slag is und(\sirable. The (economy of this operation, however, is a disputed question 
as many metallurgists claim that the copper is not nK'overed to any great extent, but. 
simply mixes with the great Jnass of blast-furnace slag and is lost. 

Plant excMMitives appciar to rate the modern 13 X 30-ft. Peirco-Smith converter 
at 100 tons of copper per (lay for a 37 per cent matte, with an increasci or decrease of 
5 tons for each 1 per cent up or down in the matte tenor (within reasonable limits). 

The Smelting of Oxide Ores. — Where oxide ores ocenr, smb as in the Katanga 
district, these are smelted in blast furnac<5s with a large percentage of coke. The 
product is known as “black copper, and its composition depends on the impurities in 
the ore. A clean ore will give a high-grade copper, while, if much iron or nickel is 
pr(isent, these will be redut^cd and will lower the? grade of the copper. Usually a small 
amount of inatb^ is produced, owing to the sulphur in the coke or small amounts of 
sulphides in the ore. Where th(Te is little or no sulpliur present, the copper losses in 
the slag are apt to be high, while a small matte fall tends to clean the slags. 

The blister copper produced from any smelting process is generally cast into slabs 
approximating 18 X 28 in. and 3 to 4 in. in thickness, weighing 300 to 350 lb. There 
is just sufficient draft to the slab to permit of its ready removal from the mold. At 
some plants, the practice still continues of casting the old lype of Chile bar, which is 
about 8 X 20 in. with a thickness of 6 to 8 in. This type of bar is very difficult to 
sample properly, on account of the segregation of the silver and gold, and it is also a 
difficult pig to handle easily. The Japanese frequently cast small slabs weighing in 
the neighborhood of 50 lb. each, which are very expensive to handle and sample, when 
considered on the ton basis. 

Of late years, the question of moisture in blister copper has been given considerable 
attention. When a slab is cast, there are numerous cavities in the interior, due to 
the gases. These cavities are connected with the surface of the slab by capillary 
tubes, and if a slab is cooled by dumping it into a bosh, considerable water may be 
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drawn into the cavities. It is not unusual to find slabs containing as much as 0.2 per 
cent moisture, and this question is the cause of much controversy between the smelter 
and the refiner as to what allowance should be made to cover this moisture (see 
page 83, Vol. I, “Principles and Processes'')- 

In all smelting processes, more or le^s flue dust is produced. The roasting furnaces 
are the chief offenders in this respect, though they are closely followed by the blast 
furnaces. The reverberatories, having a relatively quiet atmosphere, do not produce 
much dust, while that produced by the converters is largely in the form of fume from 
the volatile metalloids. The collection and re-treatment of flue dust is a considerable 
item in the cost of operation, and every possible means is utilized to keep its formation 
down to the lowest point consistent with economical operation. The recovery of flue 
dust may be accomplished by one or more of the following methods; passint the gases 
through large dust chambers, in which the velocity of the gases is so reduced that all 
but the finest particles of dust are settled out. The gases may be filtered through 
woolen bags after being previously cooled to the proper temperature; this isWn expen- 
sive method and requires a heavy investment in flues and baghousc. The ^ses may 
be passed through a Cottrell electrostatic precipitator in which the solid particles 
are thrown out of the gas stream by the action of a liigh-tcnsion electrostatic field. 
In the Roesing system, the gases flow through dust chambers in which arc suspended 
wires or baffles, and the dust particles impinging upon tlu'se adhere, and when suffi- 
cient has accumulated the gases are diverted into another chamber and the wires or 
plates are then shukfui to dislodge the dust particles. 

The tr<‘atment of recovered flue dust consists in briquetting and smelting in the 
blast furnace, a method formerly widely used but now falling into disuse; agglomer- 
ating in rotary kilns, or Dwdght-Lloyd sintering machiiu*s, and smelting in the blast 
furnace; or in direct smelting in the reverb(‘ratory furnace — the most economical 
method. 

Metal loss is a very important item in the .smi'lting (*ost, and one that is watched 
and studied very carefully so that it may be n^diujcd to a minimum. The three 
chief sources are dust losses in handling, metal contents of slags, and dust and fume 
losses through the stacks. These losses are. a matter of more importance to the custom 
smelter than to the company owuiing its own mines, as in the latter case the loss is 
merely that of the cost of the metal to the point of loss and the potential profit, whereas 
in the custom smelter the miner has been paid for the (ton Units of his ore and losses 
represent the loss of actual profits. 

The Refining of Blister Copper. — The blister copper produc(‘d in the .smelting 
process contains so much impurity that it is unfit for coininercial consumption without 
refining. The following table shows the composition of various grades of blister 
copper produced at various smelters: 
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In earlier days the refining of blister copper was performed entirely in reverbera- 
tory furnaces, but this has been entirely supplanted by the electrolytic process. Of 
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the former process, it is sufficient to state that it was based on the fact that when 
copper sulphide and copper oxide were melted together the resulting reaction formed 
metallic copper, the sulphur passing off in the waste gases as sulphur dioxide. Silver 
and gold were recovered to a considerable extent by first having a small copper fall 
in the matte which served as a collector for these metals together with much of the 
impurities present. The enriched portion was worked up separately, while the purified 
white metal was carried along to pure metallic copper. 

The modern process of refining may be considered to be divided into the following 
steps: (1) A preliminary fire refining, to remove as much as possible of the impurities, 
followed by the casting of the copper into anodes. (2) The electrolytic process, con- 
sisting in dissolving the anode by means of the electric current and depositing the 
pure copper on the cathode. In this step the remaining impurities are removed, and 
any silver and gold contained in the anode are colh^cted as a mud or slime to be recov- 
ered by a subsc.qmuit treatment. (3) A final furnace treatment of the cathodes, which 
are not in a form suitable for general commercial use, in order that they may be con- 
verted into the proper physical shape for the consumer. 

Furnace Refining. — As the methods of operation of the anode and cathode furnaces 
arc almost identical, one description will suffice for both. I'he furnace treatment is 
based upon the relatively weak affinity between copper and oxygen, as compared with 
the affinity between oxygen and the impurities in the copper. The process, therefore, 
consists in an oxidizing fusion in orde‘,r to volatilize some of the impurities and to 
oxidize the nnnainder, using copp(*r in the form of oxide as a sc^orifying agent. This 
being done, tlui impurities will either pass off in the furnac(5 gases or else float on the 
surface of tlie bath as a slag which may be skimmed off. 

As th(i remaining copper is now saturated with oxygen, the next step is to reduce 
the (uiprous oxide to copp(*r by means of some satisfacstory reducing medium, after 
whi(di the copper is cast into the necessary shapes. 

In the anode furnace tht^ blister copper should be refined to the highest degree 
that is economically })ossible in order to have a uniform high-grade product to send 
to the (dectrolytic pro(*.(‘ss. This is necessary, as the succ(‘S8 of the latter is largely 
governed by having uniform operating conditions, and it is generally much cheaper 
to eliminate impurities by a furnace treatment than by electrolytic methods. It is, 
however, not possible to remove the hist traces of the impurities in the furnace. The 
gr(‘at bulk is gotten rid of quite easily, but as the amount becomes reduced it becomes 
increasingly more difficult without slagging off so inucdi of the copper that the treat- 
ment of the rt^sulting by-products becomes too expensive. Just where this point is 
dejpends upon local conditions and the relative cost of the two proc^esses. There are 
also some of the impurities that tend to alloy with the copper and are removed with 
groat difficulty. 

The reverberatory furnaces in which the refining is conducted are at the present 
time constructed with capacities of 500,000 to 600,000 lb. per charge. Owing to the 
weight of UKital contained, they are necessarily of much stronger construction than 
the reverberatory furnaces used in the smelting of ore. The side walls are constructed 
of silica brick with a thickness of 12 to 18 in., though there is an increasing tendency 
to use magnesite brick up to a point above the metal line, and then use silica or a good 
grade of clay brick from that point up to the roof. 

The roof is almost invariably made of silica brick 15 to 18 in. in thickne.ss, though 
attempts have been made to use firebrick or chrome brick. The great advantage of 
silica brick is its ability to withstand the temperatures obtained without softening 
and losing its shape. Firebrick softens at a low temperature, particularly when under 
pressure, while chrome brick absorbs a great deal of metal, and it is difficult to treat 
the burned-out brick for the recovery of the copper contents. 
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The hearths of furnaces treating relatively pure materials are generally constructed 
of siliceous material, while magnesite brick is used where the copper contains con- 
siderable amounts of lead or antimony. The siliceous hearth is generally made of 
high-grade silica sand which has been crushed to the size of coarse sand. It may be 
used with an admixture of lime or copper oxide or may be put into place without any 
binder other than the. natural impurities in the sand itself. The sand is mixed thor- 
oughly and placed in the furnace, where it is given a thorough calcining, after which 
it is spread over the bottom to the desired depth and tamped down. The furnace is 
then gradually brought to the highest possible heat that the brickwork will stand 
until the new bottom is thoroughly sintered into place. Then the furnace is gradually 
cooled down, and the bottom is then seasoned by covering it with a thin layer of scrap 
copper, melting this, and allowing it to soak into the bottom. The furnace is allowed 
to cool somewhat and the opt^ration repeatcid until the copper that will be quickly 
absorbed lias been taki'n up. After this, small charges are introduced and the furnace 
is gradually brought up to capacity in the next few days. It is found that a furnace 
will absorb copper for a considerable period of time before becoming saturated. The 
amount of copper ]ock<‘d up in a bottom will depend on the size and the shape of a 
furnace, but may be said to be in the neighborhood of 1000 lb. per ton of daily capacity. 
The concentration of silv(^r and gold in a furnace bottom will depend on the grade of 
material treated, but will increase with continned nse, the gold tending to concentrate 
to a grt*at(*r extent than the silver. Very high silver charges will greatly increase the 
silver absorption, which will not be washed out by later charges of lower grade to any 
considerable (‘xtent. 

Owing to the danger of ov('rheating the bottom and having a portion of it come up, 
tli(i universal })raotic(^ is to have a vault \mder the bottom to ensure the proper amount 
of cooling. This may be supplemented by having pipes laid in the bottom through 
wdiich air or w'ater is forced to ensure the iH»eessary cooling. A bottom of magnesite 
brick will radiate more h(‘at than a silica bottom, owing to the greater heat conductiv- 
ity, and in sm^h constru(d.iou it is necessary to have the magnesite brick underlaid with 
a lieavy backing of clay brick. This type of bottom is generally laid in the form of an 
inverted arch h(dd in place by skew backs attached to the side plates of the furnace. 
Th(' brick should be laid dry or in a mixture of pow^dered magnesite and linseed oil. 
After laying it, the furnace must be very carefully dried out by the use of salamanders 
placed at different points along tlie hearth until all moisture has been driven off. If 
this is not done, there is great danger of the formation of superheated steam, which 
destroys the texture, of th<^ brick, and the entire bottom is liable to be rapidly destroyed. 
After drying out, the furnace is gradually brought up to a good rod heat and the 
bottom seasoned as with a silica bottom. 

The fuel used may bc^ bituminous coal, pulverized coal, fuel oil, or gas. The 
modern tendency is to use either fuel oil or powdered coal. Hand firing is expensive, 
and ash disposal is bothersome. Pow^dc’red coal has the disadvantages of requiring the 
installation of a pulverizing plant, and as much of the ash of the coal remains in the 
furnace, the amount of slag produced is increased. Fuel oil has the disadvantage of 
rc'.quiring the installation of storage tanks, pumps, and preheaters for the oil. Either 
powdered coal or fuel oil is more economical than hand firing with an equivalent B.t.u. 
price, and the furnace temperature is much easier to control. 

When hand firing with bituminous coal, the coal used will approximate 250 to 
350 lb. per ton of copper; pulverized coal will reduce this 20 per cent, and with fuel 
oil the consumption will be about 22 to 26 gal. per ton, using oil of 18,000 B.t.u. per lb. 
and 16 to 18°B6. 

It is now the universal practice to equip all reverberatories with waste-heat boilers 
to recover the large amount of heat in the waste gases. With coal, the recovery will 
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be 6 to 8 lb. of steam per pound of coal and with oil, 8 to 10 lb. of steam per pound of 
oil. In a large plant this waste-heat steam amounts to one-third to one-half of the 
steam used in the plant, so that the economy is obvious. 

The dimensions of some refining furnaces arc: 


General Dimensions of Some Refining Furnaces^ 







U, S. 


American Smelting 

Raritan Copper 

Metals 


& Refining Co. 

Works 

Refining 






Co. 

Length of hearth 

50 ft. 

36 ft. 

Oin. 

43 ft. 

40ft. Sin. 

Width of hearth 

14ft. Tin. 

15 ft. 

17 ft. 

14 ft. 3 in. 

14 ft. 4 in. 

Depth of hearth 

22 in. 

14' 16 in. 

35 in. 

2Sin. 

30 in. 

Hearth area, square fc'ot .... 

605 

490 

559 

553 

496 

Length of grate 

9 ft. 

Oil fired 

Oil fired 


8 ft. 3 in. 

Width of grate 

8 ft. 4 in. 




7 ft. 4H in. 

Area of grate, square feet. . . 

75 




60.8 

Height of roof above hearth 






at bridge 

6 ft. 4 in. 

6 ft. 10 in. 

7 ft. 9 in. 

7 ft. 6 in. 

7 ft. 2 in. 

Height of roof above hearth 






a.t flue, , , 

3 ft. 6 in. 

3 ft. 6 in . 

5 ft. 10 in. 

4 ft . 2?4 in. 

4 ft. 9 in. 

Area of flue, square fc'et. . . . 

12.47 

12.00 

11.50 

9 15 

12.75 

Tons output per 24 hours . . . 

200 

178 

250-275 

275- 325 

1 226 


“Metallurgy of Copper, ” Hofman-Hayward, 


The various operations of the furnace may be classified as charging, melting, oxi- 
dizing, poling, and casting, and will be taken up in their order. The large furnaces 
are charged by means of electrically operated charging machines which handle up to 
6000 lb. of copper at one time and which will (diarge a 200-ton furnace in l(;ss than 
2 hr. In the smaller installations the old metliod of hand charging is still in use. 
This consists of placing the slabs of copper on a paddle and sliding them into the 
furnace. This is a slow and expensive method and is rapidly being displaced. Owing 
to the large amount of space o(!Cupied by the slabs, the amount that can be charged at 
one time is usually less than the capacity of th(; furnace, and it becomes luicessary 
to recharge a small amount after the original charges has been melted down. 

At the plant of the Ontario Refining (b., molten blistt'r copptT is conveyed 
miles from the smeltery to the refinery in a specially di^signed car holding 70 tons of hot 
metal. This car is spotted alongside the furnace and the contents poured therein 
through a launder. 

When charging cathodes, a larger amount can be charged during the first (jharging, 
as they stack better and do not ocu^upy as much space relatively. At the plant of the 
Nichols Copper Co. a unique method of charging is used, which consists of sliding the 
cathodes into the furnace by means of a chute. By this arrangement, the furnace is 
not permitted to cool down, and the fuel consumption is then^by decreased. With 
the charging crane the doors of the furnace must be opened, and by the time the fur- 
nace is charged it has cooled doAvn to a dull red or bla(*.k heat. 

When the charging of the furnace has b(ien completed, the doors are luted up 
and the fire urgtjd to the utmost extent. As copper is an excellent conductor of heat, 
the metal rapidly absorbs the heat and soon starts to melt on the edges. During 
the melting, the flame is kept strongly oxidizing in order to have a sharp cutting heat 
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and to form as much oxide as possible. When the surface of the bath is smooth, the 
firing is continued strongly until the metal on the bottom has melted, which is recog- 
nized by the char(!oal or coke covering of the preceding cJiarge rising to the surface. 
Between the time when the charge is flat and when the metal is afloat, the slags that 
form are skimmed. The amount of slag formed depends on the nature of the material 
charged. Average blister copper will produce about 3 to 4 per cent of its weight of 
slag, cathodes about 1 to 2 per cent, and foul coppers may run as high as 30 per cent. 
With coal firing the ash of the coal is frequently blown over into the bath and forms 
slag, and with powdt^red coal there is a considerable increase, at times amounting to 
50 per cent. Fuel oil, on the. other hand, has no tendency to increase the amount of 



Fig. 7.-— Application of silica slurry, Clarkdale smeltery, Phelps Dodge Corp.' 


Slag formed. As refinery slags are high in copper (30 to 50 per cent), it is seen that the 
re-treat nnmt charges are heavy, and a small increase in the amount of slag formed is 
in\mcdiately reflected in higher costs. 

When the metal in the bath has been skimmed clean, a say ladle, which is a small 
ladle with a long handle used for taking samples of the molten metal, is dipped into 
the furnace, and a test button taken to determine the condition of the metal If, 
while the button is solidifying, it breaks through the crust and ^Hhrows a worm,^^ 
this is indicative of sulphur, and a green pole is inserted in the bath to agitate the 
metal and drive out the sulphur held in solution by the copper. During this poling 
the atmosphere is kept strongly oxidizing. Buttons are taken frequently until the 
evidences of sulphur have disappeand. This operation is known as poling down. 
When the sulphur has been poled out, the copper in the bath is oxidized by inserting 
air pipes through which compressed air is forced. This not only itself oxidizes the 
copper to a considerable extent, but, by the violent agitation it causes, exposes a 
1 Figs. 7 and 8 arc from R. A. Wagstaff’s "Changea and Imjjrovements in Modern Copper Smelting," 
T.P. 1669. Trana, AJ.M.E., Feb., 1944. 
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large surface of the molten metal to the oxidizing influence of the hot gases. To assist 
the oxidizing, a rabble may be introduced through the skimming door and by means 
of a chain suspension swung back and forth the surface of the metal broken intx) 
thin sheets or sprays. It is found that the rabble is mor(i effective as a means of 
oxidizing than the air jets, but, owing to the grciat mass of copper to be oxidized and 
the hot and fatiguing work of swinging the rabble, its use as the sole means of oxidizing 
is impracticable. 

During this period of blowing and flapping, buttons are taken to show the progress 
of the oxidation. As the amount of cuprous oxide in the bath increaseis, the surface 
of the button sinks and the fracture shows a color approaching a brick red. When 
the metal is saturated wdth oxide, there will be a deep depression, the fracture will 
show^ a bubble in the center, and the fracture will be coarsely cubical and a strong 
brick-red color. During this period, more or less slag will form and will be skimmed 
off, so that the surface of the metal will be kept clean for the action of the hot oxygen 
in the gases. The cuprous oxide formed acts as a scorifying agent and is the effective 
means of removing the impurities in the metal. 

When the buttons show that the chargci is saturated with oxygen or ‘^set,” the air 
pipes and rabbles are removed and the surface of the bath is cov(*red with coke or 
charcoal. The doors arc closed and tightly luted up so as to prevent the admission 
of excess air. A pole is then inserted in the bath in order to reduce the cuprous oxide 
to metallic copper. 

The poles used for this operation are usually hardwood, but softwood is readily 
usable, the chief objection being the; heat developed at the poling door, wuth the attend- 
ant discomfort to the men, and more wood is recpiirc'd pc^r ton of copp(n. An aver- 
age amount of wood used for poling may be considered to be 100 to 150 lb. per ton 
of copper. If wood is us(id to make the charcoal (‘.overing for the bath, the amount 
is increased to 250 lb. per ton. As the pole burns away, it is pushed further into the 
furnace, and when it becomes too .short to hold by the chain block, it is pushed into 
the furnace and bec^onu^s a brand, while* a new' pole is introduced. 

During this time, tost buttons are taken and the surface and fracture observed. 
The fracture gradually changes from coarsely cubical to finely granular, then fibrous, 
the color changing from a brick red to a salmon pink. When the poling is finished, 
the surface of the button is slightly rounded, and the fra(;turo is .silky and of a rose 
color. The copper is now said to be ^Hougli pitch and is ready for casting. 

During the progress of the refining the various impurities behave about as follows: 
Iron and cobalt oxidize and slag off readily, though if cobalt is pre.sent in any consider- 
able quantity a considerable time may be required for its complete elimination. 

Nickel is a very difficult element to slag on account of its strong affinity for copper. 
With high-nickel coppers the first few percentages of nickel readily pass into th(‘- slag, 
but as the amount decreases the slagging becomes slower and .slowcir. To eliminate the 
last portions is extremely difficult. The bath must be skimmed clean, and, by con- 
tinuing the oxidation, the nickel oxide forms as a powder and may be skimmed off. 
If, however, there is any reducing action in the furnace, the nickeL easily reduces and 
is absorbed by the copper. 

Sulphur requires a great deal of poling and oxidizing to effect its rrmioval, and if 
present in blister copper to any considerable extent will make the; furnace work very 
hot. If an excessive amount is present, there will result a great deal of trouble from 
the formation of matte on the surface of the bath. 

Lead partly volatilizes and is partly slagged. With considerable lead present it 
may become necessary to throw the charge coar.se with a small addition of matte and 
reoxidize. When present in any considerable quantity, lead will vigorously attack 
silicic, bottoms as soon as any oxide is present, and it may become necessary to use 
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magnesite brick bottoms when handling blister high in this element. Zinc is readily 
oxidized, and its elimination is simply a question of time of blowing. 

Arsenic and antimony partly volatilize, but are eliminated with considerable 
difficulty. In some cases it becomes necessary to treat the bath with a flux of lime 
and soda in order appreciably to reduce the amounts of these undesirable elements. 
In severe cases it is necessary to give the copper a second refining.^ 

When the metal is finally ready for casting, that from the fire refining of blister 
copper is cast into anodes for the el(;ctrolytic process. For the multiple system these 
are slabs 24 X 36 in. or 36 X 36 in. and about 2 to 3 in. in thickness. When used 



Fig. 8. -Suspended arch in reverberatory furnace, Hudson Bay Mining & Smelting Co. 


for the series system, the anode may be cast as a slab for rolling, or as a long thin anode 
for direct dissolving. 

When the anode is to be used direct, lugs are cast so that it may be easily supported 
from th(' conductor bar or hanger bar. In some (*as(‘s, loops of heavy^ copper wire are 
placed in the mold and the nndal cast around them. A heavy copper bar is passed 
through the loops and is used to make the contact. 

When small furnaces arc in use, the copper is frequently cast by hand ladling, but 
with the increased size of the furnaces it becomes necessary to find some faster method. 
It is now the universal practice wdth large furnaces to draw off the metal from the side 
or end of the furnace through a tapping slot. This slot or tapholc is filled with a 
mixture of clay sand and a small amount of coal, hard enough to withstand the 
pressure of the metal on the interior of the furnace, but soft enough to permit of cut- 
ting a gutter for the flow of the metal. This plug is held in place during the working 
of the furnace by transverse iron bars, about 1 in. square, placed on top of one another 

* For researches on relative elaggabUity, see Mineral Ind., p. 248, 1901. 
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and held by guides fastened to the side plates of the furnace. These bars are removed 
at the time of casting, and the clay plug is cut away from the top sufficiently to permit 
the copper to flow' over the edge into a launder leading to the ladle. As the level of 
the copper in the furnace falls, the clay plug is cut down more and more. If at any 
time it is desired to stop the flow of metal, a ball of clay is placed in the taphole and 
pressed down with a stick. 

In the new Phelps Dodge plant at Morcnci, the anode furnaces are of the tilting 
type, 13 X 25 ft., holding about 175 tons. They are set at a heiglit suflicient to 
permit complete emptying into the pouring spoon. Ckmiph'te rotation is possible, and 
gears, riding rings, cradles, and drive are interchangeable with similar parts of the 
converters. The lining is 18 in. of magnesite brick in the low'er half and 13 in. mag- 
nesite in the upper half, backed up by insulating brh^k to reduce heat loss. The low- 
pressure gas I)urner is mounted on a hinge to permit swinging aw'ay from the port. 
Only a short movable flue is provided, without a stack, to avoid uiuhisirable draft. 

There are several types of easting machines for the (tasting of anodes. The Walker 
wheel has the molds on the circaimfereiu'c of a wheel approximat(‘Iy 21 ft. in diameter. 
The w'heel is turned by hydraulic or electric power, and the molds are brought under 
the furnace ladle wiiere they are stopped w'hile the mold is filling, diie wiH*el is then 
revolved until the next mold is under the ladle. When tlu' ru'wly cast anode* is about 
three molds away from tiie ladle, it is sprayed with wat(‘r to cool the n\etai, atid at 
the same time the mold is cooh;d by a spray from underneatli. When the anode is 
nearly opposite tlu* ladle, it is lifted from the mold by means of a push pin w hich passes 
through the mold and slkh'S on an inclined track. The anode is then lifttMl from the 
mold by a cram* and placed in a bosh filled w'ith running w ater in ordc'r to cool to the 
room temperat ure. 

The straight-line casting machine comsists of a series of molds carried by an endless 
belt in front of the ladle. When a mold is filled, it passf‘s tow ard a bosh, b(*ing sprayc’d 
on its jourm^v, and at the (uid of the ])elt where the molds pass und(‘rn(*ath, tlu^ aTuxh^ 
is either dumped into the bosh or else lifted out of the mold by a cram* and placied in 
the bosh for cooling. 

In hand ladling, the ladle man stands in the center of a w'heel somewdiat similar 
in shape to the Walker w’hecd, ami, as each mold passes, it is filled wdth copp(‘r and 
passes around to the rear, w here it is cooled and removed either by a hoist or by a man 
using a long-handled lift(*r. 

Anode molds are generally made of copper, though in sonu* instances cast-iron 
molds are used. Tlje advantage of copper lies in tin* fact that when the mold has out- 
lived its usefulness it can be charged into the lurnace and thi* copper recovered and 
sold at mark(d, value, wliile a cast-iron mold has only a low scrap value. In order 
to prevent the copper from sticking to the molds, they are washed with pulverized 
silica, wffiich is appli(*d at such a point that the heat of the mold w’ill dry it out b(‘for(‘. 
the ladle is again reached. 

The furnace refining of blister copper should b(* carrie<l to the highest po.ssible 
point in order to produce the best results in the electrolytic nffining. A w ell-refined 
anode will dissolve readily and evenlj^ and will give a good deposit, while an improp- 
erly refined anode will dissolve unevenly and give rough deposits and a heavy per- 
centage of scrap which has to be re-treated. It has b(HUi v(‘ry cl(*arly demonstrat<*d 
that any extra expense incurred in the anode refining to ensure a high-grade product 
will result in a much greater saving in the balance of tlie refining process. 

The electrolytic nffining of copper is based on the selective action of tlie eloctrir; 
current in the following manner. If two metal plates are suspended in an electrolyte, 
and a direct current is passed from one plate to the other, the metal of the plate wdiere 
the current enters, known as the anode, will be dissolved, provided the composition 
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of the electrolyte is of the proper type. The plate at which the current leaves is 
known as the cathode, and what happens at this point depends on the nature of tbs 
dissolved metal and the (‘-omposition of the electrolyte. The constituents of the 



electrolyte are partly ionized, and the individual ions have definite discharge poten- 
tials depending upon their positions in the e.m.f. series (see page 378). Those ions 
having the lowest discharge potential will be discharged as long as they exist in suffi- 
cient amounts to cuirry the current. If there is an insufficient amount, the ion next 
highest will be discharged. In an aqueous electrolyte the hydrogen ion is presen 


Fig. 9. — Walker casting machina 
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and will be discharged unless there is present some other ion standing below it in the 
series. Copper is in this position and, therefore, will be discharged before hydrogen. 
The electrolytic refining of copper is, therefore, based upon the fact that, if a copper 
anode is suspended in an electrolyte composed of copper sulphate and sulphuric acid, 
it will be dissolved and the copper pass into solution. At the cathode, which is also 
copper, the copper in solution will be deposited while the hydrogen present will be 
unaffe(!ted. 

The impurities associated with the copper in the anode do not deposit on the 
cathode because they stand higluT in the e.m.f. series than either copper or hydrogen 
and, therefore, while they dissolve in the electrolyte, remain in solution, or else the 
composition of the (ilectrolyte is so adjusted that they remain on the anode as insolubh? 
alloys or compounds. 

The impurities that, as a rule, pass into solution and remain there are Fe, Ni, 
Co, Zn, As, and Sb. Those that ar(‘ insoluble and remain on the anode as a slime arc 
Ag, Au, Pt, the rare metals, and Se, Te, and Ph. 

Where an impurity exists in the anode as a chemical compound it will tend to pass 
into the slime, as chenii(‘al compounds have a much lower electrical conductivity than 
the copper, and th(*se compounds largely segregate in the anode. The purer metal 
immediately surrounding them is dissolved, allowing the (compound to fall into the 
slime, where it may lie inert or else he slowly attacked by the electrolyte and pass 
into solution. Those elenu'nts which alloy with copper may (‘ith(*r dissolve or pass 
into th(^ slime, depending upon tlu‘ir nature and properties. 

Two systems of electrolytic copper refining are in use at tin' pr(‘sent time, th(‘ 
multiple and the series, differing in the arrangcunent of the (‘lectr()d(‘s. 

The Multiple System. — In the multiple system, the anodes and the cathodes are 
coniHfcted in midt.iple and are susp(‘nded crosswis(‘ in a l(*ad-lmed tank. The anod(‘s 
are generally 2 X 3 ft. or 3 X 3 ft. in area and 2 to 2 ^2 in thick, wc'ighing 400 to 600 
lb. The iiuiuImt of anodes varies from 26 to 32 per tank, and they are given a spacing 
of about 4 in. 

I'h^' multiphi cathodes consist of pure copper starting sheets suspended between 
the anodes. The preparation of the starting sheets is an expensive opcTation, r(‘(iuir- 
ing skilled labor. In the manufacture of the starting sheets, anodes of the purest 
grade of copper are used, and tin* ainxle is wider than tln^ regular anodes to ensun* the 
edges of the starting she(‘t being perfect. The starling sheet is made by d(*positiiig 
(topper on a rolled and stretched copper blank, which is coated with a mixture of 
graphite* and oil, or else gasoline and oil, or other mixture that has been found to be 
satisfactory for the purpose. This (joating is for the purpose of allowing the sh(‘.et to 
be readily stripped from tin* blank. To prevent copper being deposited on the edges 
of the blank, these are protected by covering them with grooved strips of wood, which 
are removed when the sheet is stripped from the blank, or else the edges of the blank 
are painted with a heavy asphalt paint, and a shallow groove is cut in the blank at the 
point where it is desired to have the sheet break off. 

The process of manufacture of the starting sheet consists in first giving the blank 
a coating of the oil paint ; the edges are then painted with asphalt or tht^ wooden strips 
put in place, and the blank is hung in the tank while the current is on, and allowed to 
remain for the necessary time, usually 24 hr. llie blanks are then drawn from the 
tank one at a time. The operator strips the thin sheet from the blank with a sharp- 
edged knife, one sheet from each side, repaints it, and it is return(‘d to the tank. 
The thickness of the sheet is usually about }4^ in., and a 3 X 3-ft. sheet will weigh 
about 10 Ib. It is of the greatest importance that the current be flowing when the 
blank is placed in the tank, or else the oil will be washed off by the hot electrolyte and 
the new deposit will be burned fast to the blank when the current is turned on. In 
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order to hang the starting sheets in the regular depositing tanks, two loops are fastened 
to each sheet. These loops are made of starting sheets which are exit into the proper- 
size strips and arc fastened to the sheet by punching and bending back the sharp 
corners of the punched portion. 

As the starting sheets must have good tensile strength, they are usually made at 
a current density low(*r than that used in the regular tanks, and the electrolyte used 
is kept very pure. The number of tanks r(‘quired for this work will depend upon the 
number of cathodes to be drawn daily from the regular tanks, as a starting sheet must 
be produced for each cathode drawn. 

The tanks used for the imiltiple system are made of wood or reinforced concrete, 
the latter being preferred in recent installations. All tanks are lined with 6 per 
cent antirnonial lead to protect the wood or concrete from attack by the electrolyte. 
The dimensions of a tank for 30 anodes with a surface of 3 X 3 ft. is approximately 
11 ft. long by wide by 3t{ ft. dt'.ep. Several arrangem(*nts of tanks are in 

use at the present time, the earlier arrangc'inent being two tanks side by side and in 
rows depending upon the size of the tank room. As this arrangement required 
a large amount of coppcT to b(‘ tied up in bus })ars, the Walker arrangement was 
developed, in which there are but two rows of tanks, but there arc^ 15 to 20 tanks, 
having a common jiartition, in eacli row. As the ciectrod(\s of one tank are connected 
to the eh'ctrodes of the adjoining tank by the use of a light triangular bar to which the 
cathodes of one tank and the anodes of the next tank are connected, there is a great 
saving in I'opper. This arrangement is at present the most widely us(‘fl. 

The tanks are built on masonry piers high enough to permit of proper inspection 
underneath for leaks, etc.. At the t<>p of the piers are glass blocks having a thin 
sheet of lead placed on tin* top. 'Hn* glass block .serves as an insulator; the lead sheet 
prot(‘(^ts the glass from any drip from a leaky tank. The tanks rest on longitudinal 
sills 8 X 8 in., which rest upon the top of the piers. There are many variations in 
the constructional details of the tanks, each refinery having its own ideas on the 
subject. 

The el(*ctrical connections depend on the tank arrangements. In the older 
system wh^TC two adjacent tanks an' arranged in cascade of 8 to 10, the current is 
led to each pair of tanks by a heavy copper bus bar. 'Fhe current h'aving the cathode 
bar was conducted to the adjacent tank by means of a heavy copper connection plate 
upon wliich the aiKxle bar rested. 'Phe (uirrent th(*n left this tank through a heavy 
bus bar which led it to the next pair of tanks in the cascade. In the Walker system 
the current is led to the first tank bj^ a heavy bus bar. The common partition 
between the tanks supportc'd a light triangle bar upon which the cathode bars of the 
prccedmg tank and the anode bars or lugs of the succeeding tank rest. At the end 
of the row of tanks the curnmt was carried by a heavy bus bar to the next row of 
tanks. There is tlius a great saving in the amount of copper tied up in conductors 
when using the Walker system. 

In the multiple system, as the electrodes are in multiple, each anode must have its 
individual current supply. With a depositing surface of 540 sq. ft. and a current 
density of 20 amp. per sq. ft., the total current required will be 540 X 20, or 10,800 
amp. per tank. With 30 anodes per tank, each anode will require 360 amp. The 
use of such large currents reqxiircKS conductors of large cross section to prevent ovei 
heating and consequent loss of power, and this constitutes a large proportion of the 
initial investment in a multiple tankroom. The generation of currents of this mag- 
nitude also requires ex])cnsive geiUTating equipment in the powerhouse. 

The oi)eration of the multiple system is about as follows: The anodes, having 
been straightened, are placed in the tank by an overhead crane and are then evenly 
spaced by the tankmen. The starting sheets are straightened and a copper bar passed 
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through the loop. They are then hung in the tanks and the loops securely clamped to 
the cathode bar by tongs specially designed for this purpose. This is done to ensure 
a minimum contact resistance between the loop and the rod. The starting sheet is 
then accurately spaced b(^tween the anodes. All anode and cathode contacts with 
the bus bars or triangle bars are then given a coating of oil in order to prevent acid and 
salts from creeping in and spoiling the contact. The tank is then filled wdth elec- 
trolyte and the current turned on. At the end of 48 hr. it is customary to withdraw 
the cathodes one by one and straighten them, as the initial deposit has a tendency to 
make them curl slightly. 

The time required for making a full-weight cathode depends upon th(‘ curnmt 
density used, the quality of the anode, and various factors pcumliar to the plant in 
question; but usually ttvo cathodes an* produced from each anode, and the time 
required per cathode is 10 to 14 days. During this time the tanks are gone over 
daily and inspected for short circuits, and when these are found the cathode is lifted 
up and the nodule causing the short circuit broken off, or els(* it may be removed 
by the tankman’s sw^eeping a copper rod across the face of the cathode. 

When the first- crop of cathod(*s has run its full time, the tanks are cut out of 
circuit by short-circuiting the entire section of tanks to be drawji by the use of a 
heavy copper cutout. The cathodes are removed by an overhead crane and taken to 
a wash box, where they are thoroughly wuish(*d by a spray of hot w'at(‘r to r(*mov(! 
any adhering slime and eIc(‘trolyte. They are then piled on a car and sent to tin* wdri*- 
bar furnace. 

The anode mud that contains the silver and gold is tlien swe])t from the face of 
the anode by means of brushes with long handles, or else* tin* anode* may be withdrawn 
from the tank and taken to a tvash box, where the sliim* is washed olT by hot w^ater 
and the anode retunu'd to the tank. A new' s(*t. of starting sheets is jilaced in tin* tank, 
the contacts gone over as before, and the current turm^d on. During this second run 
of cathodes, the anodes an^ carefully w'atched to .see w'h(‘n they l)econi(‘ too thin foi 
proper wmrking. Wlien an anode gets .scrappy, due to its being thinner than it 
should be, or else having dissolved at a faster rate than its mates, it is w ithdniw'n trom 
the tank and replaced by a piece of heavy scrap, a supply of wdiich is kept on hand 
in the tankroom for such purposes. 

At the end of the run the tank is cut out of circuit as b(*for(‘, tlie cathodes r(*moved, 
washed, and shipped, and the scrap anodes drawn from the tank by thi* crane and 
thoroughly w^a.sh<xl to remove all adhering .slime. They an* then .s(*nt back to tin* 
anode furnace for r(‘melting. Any heavy scrap is gimerally kept in the tankroom for 
the purpose, described above, of replacing anod<?s tluit have gone .scrujipy b(*fore 
their time. 

The eh'ctrolyte is pumped out of the tanks, a plug in the bottom of ea<*li tank is 
removed, and the accumulated slime is flushed into a launder, which conveys it to a 
slime tank, w'hcre it is screened to nunove coarse pieces of metallic iroppi'r and is then 
pumped to the silver refinery for the recovery of the precious metals contained. 

The tank is thoroughly cleaned of ail adhering salts and slimes, any leaks that may 
have developed are r(*pairod by the lead burners, the triangle rods are cleaned of 
salts and dirt, and the tank is tfK*ii ready for another run. 

The amount of scrap made in the multiph* sy.stem w ill dcpeiul on the chara<d-er 
of the anode, the current density, and the can* taken in casting ihe anodes uniformly 
thick. The usual practice w'ill make about 15 to 20 per c(*nt scrap, a large part of 
which is accounted for by the lugs that are undissolved. The percentage of scraj) 
made is kept as low a.s possible on account of the ro-treatment cost, the tie-u}) in m(;tals, 
and the delay to putting in process contract material 
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The Series System. — In the series system the electrodes are connected in series 
and the same current serves each electrode. There are no starting sheets as the back 
of each anode serves as the cathode for the preceding anode. 

There are two modifications of the series system : In one a rolled anode is used, in 
the other a cast anode is used. The first is in operation at the plant of the Baltimore 
Copper Co., the second at the plant of the Nichols Copper Co. 

At the Baltimore plant the anode material must be of good quality to permit of 
rolling without cracking. The anode furnaces cast a slab, which, while red hot, passes 
through the rolls and is rolled down to a thickness of about 1 4 in. It is tnen cut into 
plates approximately 11 X 24 in., which are straightened and two plates placed in 
wooden frames, which are placed in the tank. The tanks are 11 ft. 6 in. in length, 
25 in. in width, and have a depth of 26 in.; 135 electrodes are placed in each tank. 

The (!urr(‘nt enters the tank through the first electrodes, passes through all the 
electrodes in series, and leaves through the last electrode, which is a copper plate. 
The (‘lectrodes act as both anodes and cathodes, the side receiving the current being 
the cathod(‘, and the; skhi from which tli(i current leaves being the anode. As a result, 
the impure nndal of tin* anode is dissolved from one side of the plate while pure 
coi)p<‘r is depo.sited on the other side* of the plate to approximately the same thickness. 

The deposition is fini.shcd when the anode has been dissolved to the desirc'd degree, 
which is usually a complete dissolving, so that there is little or no scrap, other than 
that from the rolling and the cutting of the plates and that left in the grooves of the 
strips. Tlie cathodes are removed from the tank, washed, and sent to the wire-bar 
furnace. The slime remaining at the Imttom of the tank is removed by hand and the 
lank is carefully el(‘aned out before the next run. 

At the Nichols plant the anodes are cast, and average 12 X 54 X ‘?s in. They are 
straighteru'd, and the cathode sith* is painted with a mixture that will permit of readily 
stripping the cathode from the undissolved portion of the ano<lo. The anodes are 
t h(‘n hung on an iron bar, th(T(‘ being five anodes to a bar, and 121 bars are hung in a 
tank. 1'he tank is then filled with electrolyte and the current turmd on. When the 
deposition has ]jroce(;d(Hl to a point where the amount of anode remaining is about 
8 pi*r c(‘nt, the deposition is considered fiiiislied; the electrodcjs are removed from the 
tank by a cram* and carried to the stripping room, where the remaining anode scrap 
is rcmovi'd ami sent ba<‘k to the anode furnace for rc-trcatniont, the cathodes being sent 
to the win'-bar furna<;e, ami the slime flushed out and sent to the silver refinery. 

The current, density used in the series system is the same as that used in the 
multiple system, hut as the electrodes are in series the amount of current per tank is 
much le.ss. Where- a multiple tank having a d(jpositing surface of 540 sq. ft. requires 
a current of 10,800 amp., a series tank having a depositing surface per plate of 4 sq. ft., 
as at Baltimore, or 23 s<i. ft., as at Nichols, will require 80 or 460 amp., respectively. 
These small currents avoid the use of conductor bars of large cross section, and, as 
there are but few contacts per tank in tlie series system as against approximately 120 
in the multiple system, the contact lo8.ses arc reduced to a minimum. 

1'he voltage across tlie eleetrodes in the series system at the solution level is approx- 
imately the same as tliat in the multiple, for equal spacing, so that, while the multiple 
system lias a low voltage per tank, the series system, wdiich in reality consists, electro- 
chernioally, of a number of multiple tanks in series, has a voltage corresponding to the 
number of eleetrodes in .series. Wliere the multiple system has a voltage at the 
solution level of, say, 0.2 volt, the series tank, with 135 eleetrodes, will have a voltage 
of 27,0 volts, and wiili 121 electrodes the voltage w ill be 24 volts, if the electrode spac- 
ing is tlie same in all cases. The electrode spacing in the series system, how^ever, is 
closer than in the multiple system, and the voltage is correspondingly reduced. 
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The over-all voltage per electrode in the series system is much less than in the 
multiple, therefore, both on account of the closer spacing and the almost complete 
absence of contact resistances. The average voltage may be taken as about 20 volts 
per tank at a current density of 20 amp. per sq. ft. 

This high voltage makes it necessary to use tanks having an insulating lining, and 
the lead-lined tanks used in the multiple system are not practicable. The usual con- 
struction is either of wood lined with some asphalt compound, slate, or else concrete 
lined with asphalt, the last being preferable, due to a longer life and cheaper 
maintenance. 

The multiple and series systems may bo roughly compared as follows: The mul- 
tiple system casts heavy, thick anodes; the s(;rios requires rolled or light thin cast 
anodes. The multiph' system requires the preparation of a special starting sheet, 
which is an expensive operation requiring skilled labor. The series system uses no 
starting sheet, but it is nec<issary to strip off the backs, an operation p(»rforTned by 
common labor. The multiple system requires heavy currents per tank, ne(*essitating\ 
heavy conductor bars with a consequent large tie-up of copper. The series system \ 
uses low currents and avoids the use of heavy condiu^tors. \ 

The copper produced per kilow^att-day in the multiple system at a density of 18 \ 
amp. w’ill average about 165 to 180 lb. In the series system the production per kilo- \ 
watt-day will average about 340 to 380 lb. Th(‘ power requirements in the series 
system are thus about half those in the multiple system. The efficiency in the 
multiple system will average about 90 per cent, in the seri(*s system about 70 per cent, 
due to the current leaking past th(* plates. I'he scrap producf'd in the series system is 
less than that produced in the multiple system with a consequent less c^ost for rc-trc'at- 
ment. The greater output per tank in the series system requires less tanks for any 
given output. The tanks used in the series system must be lined with insulating 
material. In the multiple system, lead linings are used. The metal losses in both sys- 
tems are about equal, while the copper, silver, and gold l()ck{‘d up in process are less 
in the series than in the multiple. 

Outside of the shape and arrangements of the electrodes and the tanks, th(^ other 
features of electrolytic refining are common to both processes. The electrolyte has 
a composition of approximately 35 g. ptT 1. copper, 140 to 200 g. per 1. sulphuric 
acid, together with small amounts of such impurities as iron, nickel, arsenic, and 
antimony as may accumulate from the dissolution of th(^ anodi*. dlie electrolyte has 
a marked negative temperature coefficient and, therefore*, is h(*ated by steam to 
increase its temperature and reduce the electrical resistance. The degree of heating 
used depends upon the relative cost of power and steam as well as the electrolyte 
composition, to a certain extent. The usual temperature is about ISO'^F. As the 
power used in overcoming the resistance of the electrolyte appears therein as heat, 
there is considerable heating from this source. The amount of steam used in the 
multiple system per tank will be greater for the same temperature than in the series 
system, owing to the different amounts of power developed in the tanks. A multiple 
tank will develop approximately 3 kw,, while a series tanlr“will develop about 
10 kw. 

Owing the tendency of the electrolyte to segregate under the action of the current, 
it becorncjs necessary to circulate it through the tanks. The segregation is more 
marked in the case of high-current densitic^s than in low densitit^s. It is caused by 
the fact that at the face of the anode, where copper is passing into solution, the 
electrolyte consists largely of copper sulphate of high specific gravity and there is a 
tendency to stream downward. At the face of the cathode, where copper is removed 
from the electrolyte, the latter becomes largely sulphuric acid of lighter specific 
gravity and the tendency is to stream upward. If, therefore, there were no circu- 
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lation at all, the electrolyte would soon form two distinct layers, that on top being 
high in acid and low in coppe: vhile the bottom layer would be high in copper and low 
in acid. As a result, the deposition would be largely confined to the lower part of 
the cathode, while there would be a copious evolution of hydrogen at the top of the 
cathode accompanied by spongy copper. The efficiency would, therefore, be greatly 
decreased, and the power per ton of copper increased. With an adequate circulation 
this tendency is counteracted to a large extent and the deposit ktjpt regular. The 
higher the current density, the greater will be the amount of circulation required to 
prevent stratification. On the other hand, an increased circulation tends to keep the 
slime in the tank stirred up, resulting in increased metal losses. The choice, therefore, 
lies between greater efficiency of deposition and incre-ased metal losses. The 
normal rate of circulation will be about 3 to 4 gal. per min. for current densities of 
15 to 20 amp. 

At some plants the electrolyte is admitted at the top of the tank and withdrawn 
from th(5 bottom, while at others the flow enters at the bottom ?,nd is withdrawn at 
the top. Ihe latter requires less solution, and there is less danger of a tank being 
flooded. This is because the solution on cooling becom()8 denser, and, therefore, a 
greater head of the hot entering solution is required to forc'c the cooler solution 
from the bottom of the tank ; and in case the current has been off for some time, so that 
the solution has become quite cool, the head required to raise th(^ cold column of 
solution in the outlet pipe may be such that it is more tlian the tank will hold. On 
the other hand, tlui objection to the top overflow is that this type of circulation 
opposes the natural settling of the slime. As, however, the rate of flow per square 
foot of cathode surface is exceedingly small, this objc'ction appears to be more theo- 
retical than actual. 

The older plants had their tanks arranged so that the electrolyte flowed tlirough as 
many as six tanks in cas(;ade. '^lliis practice r(*duc(^d the amount of electrolyte 
required, but the grc‘at cooling that oecurrt‘d so increased the r(‘sistan(‘(i that the loss 
in power more than offs(*t the reduction in the tie-up of metal in solution. The 
modern pra<dice is, therefore, to reduce the number of tanks in cascade to one or two, 
thus preventing severe temperature inequalities and giving better efficieney and power 
consumption. 

Circuit Resistance. — The current used in the ehxd-rolytic refining is, of course, 
direct current, and the amount carried by the bus bars will vary from 10,000 to 
12,000 amp. for the multiple system to 500 in the Kseries system. As the output 
depends upon the current, while the powder depends upon the riisistanco, and the 
problem in electrolytic refining is to obtain tlie greatest output per unit of power, 
the question of resistances must be given very careful attention. The following 
resistances are encountered in the various systems: 

Multiple , — Bus bars, bus-bar joints, anode contacts, anode, electrolyte, cathode, 
cathode loops, cathode-loop contacts, cathode rods, cathod(*-rod contacts, and other 
small resistances, such as rt^sistance of the slime layer on the anode, transfer resistance, 
counter e.m.f., etc. The magnitude of these resistances is approximately as follows: 
contacts, 15 per cent; electrolyte, 60 per cent; conductors, 15 per cent; counter’ e.m.f., 
5 per cent; slimes, etc., 5 per cent. In the series system there are the following resist- 
ances: bus bars, anode rod, anode hangers, anode, electrolyte, cathode, cathode 
hangers, cathode rod, and also the oilier small resistances mentioned in connection 
with the multiple system. The magnitude, of the above is approximately as follows: 
contacts, 2>2 cent; electrolyte, 85 per cent; conductors, 2J/^ per cent; counter 
e.m.f., 5 per cent; slimes, 6 per cent. As the cost of power is one of the chief items 
in the refining of copper, constant thought is given to means whereby these resistances 
may be reduced and power saved. 
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Some of the ways in which savings may be made are as follows: 

Conductors . — As the resistance of any conductor varies as its cross section, it is 
evident that any increase will result in decreased resistance. An increase in cross 
section, however, will increase the weight and, therefore, the cost of the conductor. 
Thompson’s rule that the most economical cross section is that for which the interest 
on the investment equals the cost of power lost is applicable in this case, particularly 
for bus bars. For the other conductors in the tank, conditions prevent its application. 
Thus the anode lugs must be of sufficient stnmgth to support the weight of the anode, 
and hence are usually of far greater cross section than required for the cmrrent. As 
the cathode loops are made of thin copper strips, these are generally of insufficient 
cross section and hence carry a current density greatly in excess of that which is 
most economical. 

Contacts . — The reduction of this resistance calls for two things: (1) ample ared 
of the contact surfa(;es, (2) the elimination of as man}" contacts as possible. This 
resistance is one of the largest in the tankroom, outside of that of the electrolyte ,\ 
and much ingenuity has been shown in reducing it. Formerly, anod(;s were sus-\ 
pended by two hooks, giving five contacts, two at eatdi hook, and one at the contact' 
of the anode bar with the bus bar. The modern anode has but one contact, due to 
cast lugs being used which make the contact with th<^ bus bar. Cathodes were for- 
merly suspended by hooks which have been replaced with firmly attached loops, 
the attachment being below the surface of the solution, where they 8<H)n become cov- 
ered wfith the deposit and become an integral part of the cathod(* An attempt has 
been made to eliminate the contact between the cathode rod and the triangle rod by 
having the cathode rod rest directly upon the anode lug in the adjac(‘nt tank. 

One of the best methods of keeping contact losses at. a minimum i.s to keep them 
clean. As ther(i is generally considerable heat general (‘d at any (‘ontact, any solution 
that may be splashed thereon w'ill soon be convert(‘d into anhydrous sulpliates, 
which prevent an effective contact. The most effective way so far dt'veloped for the 
prevention of this formation is to apply a thin coating of oil to th(' contact surfaces. 
This will keep them clean for a long time and costs little to apply. 

While the numerical value of each contact loss appears to be so small as to be 
almost insignificant, it must be remembered that there are a gn'at many of these 
contacts throughout the tankroom and their cumulative (‘ffect is sufficiently large to 
amount to a considerable wa.ste of power. 

Electrolyte. — The resistance of the eh^ctrolyte is affected by its temperature 
and composition. The temperature coefficient is negative, so that an increa.se 
in temperature decreases the resistance. The higher it is possible to carry the tem- 
perature, the lower will be the resistance. There is, however, a practical limitation 
to the degree of heating on account of the cost of the steam exceeding the saving in 
power beyond a certain point, depending upon local conditions. Too high a tempera- 
ture may also affect the character of the deposit, and the higher the temperature, hot 
greater the amount of evaporation and the higher the humidity in the tankroom with 
its attendant discomforts. 

The composition of the electrolyte has a great effect on its resistance. As the 
conductivity is dependent on the presence of hydrogen ions, an in{Tea.se in the content 
of acid will increase the number of hydrogen ions present and decrease the electrolyte 
resistance. The presence of sulphates increases the resistance. These sulphates 
are not only the copper sulpliate composing the original solution, but also the accumu- 
lated sulphates from the impurities in the anode, such as iron, nickel, and zinc. To 
secure an electrolyte of minimum resistance, it in necessary to keep the free acid as 
high as possible and the sulphates as low as possible. The practicable limits to high 
adid and low sulphates are that there must be a sufficient amount, of copper in the 
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vicinity of the cathode so that only copper ions will be discharged. This limitation, 
therefore, requires the copper lo be kept not lower than 30 g. per 1. in average work. 
If the acid is too high the saturation point of the sulphates present becomes very close 
to the operating temperature of the solution, and any cooling that may occur is likely 
to cause a salting out of these sulphates on the cathode, giving a very rough and 
contaminated deposit. The lower the contained sulphates in the solution, the higher 
can the acid be maintained. 

Counter E.m.f. — The cause of the counter e.m.f. is largely due to the formation 
of concentration cells at the electrodes due to differences in the composition of the 
electrolyte. This may be overcome to a certain extent by increasing the rate of 
circulation of the electrolyte, but there is a very practical limit to this on ac.count of 
the danger of stirring up the anode slime and contaminating the cathode, thereby 
increasing the precious metal losses and producing impure copper. 

The formation of concentration cells at the surface of the cathode also causes the 
copper content of the electrolyte to increase, owing to the fact tliat, if at the top of the 
cathode there is a solution containing higher acid and lower copper than contained by 
the solution at the bottom of the cathode, a concentrate cell will be set up and copper 
will tend to pass into solution at the top of the cathode and be deposited at the bottom 
of the cathode. But as the efficiency of deposition is less than that of dissolution the 
copper in the solution will in<;rease, and this amount of increase wdll be greater the 
greater the difference in solution com position. 

Slimes. — I'he rc^sistance of the slime adhering to the surface of the anode will 
depend largely on the purity of the anode. A high-grade anode produces slime 
that has low electrical resistance, while an impure anode gives a slime that may have 
a very high resistance, and should the nature of the slime be such that it covers the 
anode with a very h(‘avy, dense layer, the anode may be made almost insoluble with 
a correspondingly great increase in the voltage necessary for the operation of the tank. 

Current Density. — The current d(‘nsity to be used in electrolytic refining depends 
upon a number of factors. It is of great importance, as the design of the tankroom 
dept'iids upon it. The two main factors affecting the selection of current density are 
the cost of power and the averagti (imposition of the anode. As the power cost varies 
directly as the square of the current dciisitj", a point is soon reached where the power 
cost becomes prohibitive. When the anode contains a large amount of silver and gold, 
a high current density will tend to give high mt^al lossf's in the cathode, due to the 
necessity of maintaining a high rate oi solution (;irculation. 

A high currc'iit density generally increases th() labor cost because the weight of 
the cathod(‘ is more or l(\ss fixed by the physical labor of handling, and a high current 
density means pulling cathodes of younger age. This more frequent pulling also 
requires the use of a larger numbi^r of starting sheets, the preparation of which is an 
expensive item. The qm^stion of intenjst on metals locked up in process plays a very 
important part in th(^ determination of current density. If the anodes are high in 
silver and gold, the saving due to gedting these metals on the market earlier will often 
pay for an otherwise uneconomical (uirrent density. 

Increased current density requires the use of fewer tanks and less building space 
for a given output. This means a lower initial investment and, where construction 
costs are high, may have great influence on the question. 

The average current density in use at the present time will vary from 15 to 20 
amp. per sq. ft. of cathode surface. In many cases this density is too high for present 
power costs, but sm the plants wore designed at a time when power was cheaper than 
at the present, it was correct at that time, and the only way in which the density can 
be reduced without building additional tanks is to curtail the output, and the loss sus- 
tained in so doing may be much greater than the loss due to increased power costs. 
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Current Efficiency. — The term “current efficiency” is an expression of the ratio 
of the amount of product actually obtained to that theoretically obtainable in accord- 
ance with Faraday's law. It is always less than unity on account of various factors, 
such as current leakage, short circuits in the tanks, and the deposition of hydrogen 
at the cathode. As the output of the tanks is directly proportional to the current 
efficiency obtained, other things being equal, a great deal of careful study is given to 
the maintenance of as high a current efficiency as is economically possible. 

Current leakage in a well-designed plant should be small. It will vary with the 
voltage on each (urcuit and the (?are taken to keep the tank surfaces in a good, clean 
condition. The higher the voltage on any circuit, the greater will probably be the 
leakage. The amount of leakage may approximately be determined by opeming the 
circuit in the middle and taking the ammeter reading when the voltage is normal. As 
this method applies the full voltage to but half the tanks, however, the indicated leak^ 
age is apt to be somewhat higher than the actual amount. Another method is t® 
compare ammeter readings at s(!veral points in the circuit, care b(‘ing taken to guarcl 
against the stray fields that exist in the neighborhood of conductors carrying heavyi 
currents. Leakage through the woodwork of the tanks should be negligible, provided \ 
they are kept in proper condition, and it may be assumed that tin* largest part of the \ 
leakage is through the circulating system, by the current being shunted around the \ 
middle tanks in the circuit, as the circulating system is in parallel with the depositing 
system, 'ro prevent this leakage as much as possible the n^sistance should be made 
as high as possible by having the overflow pipes of (tonsiderable length and small 
cross section. Where the leak occurs to the ground, there is usually evidence on 
account of the copper deposited at the point whore the current leaves the (*l(;ctroiyte. 

The greatest part of the loss in current efficiency is due to short circuits in the 
tanks. These are caused by' the following conditions: the n(‘w starting sheet may 
curl after a few hours in the tank, and unless this is discovered and rectified a bad 
short circuit may result. To prevent this occurrence the starting sheets are gener- 
ally removed from the tank, straightened, and replaced after a certain number of 
hours working. If the electrodes in the tanks are not properly aligned, tlujn* wdll 
result more or less short circuits owing to the unequal current distribution in the tank. 
The tank men when working on top of a tank may kick an electrode out of place and 
neglect to replace it properly. As the anode dissolves away, pieces of the scrap may 
fall off and rest against the cathode. 

Except at a low current density it is not possible to produce a perfectly smooth 
deposit with a cathode of any considerable age, and under normal working conditions 
the cathodes soon become more or less rough. When this occurs the r(*sistance 
between the anode and the projecting part of the cathode becomes less, and there is 
consequently a greater tendency for the current to flow across this part, increasing 
the current density at such a point and aggravating the (condition. If not corrected 
in time, the roughness will develop into tree.s which bridge; across the space between 
the anode and cathode, resulting in a dead short circuit which may stop all depositing 
in that particular tank. To prevent such a condition, the tank men continually patrol 
the tanks with voltmeters and long copper rods. When the voltmeter indicates the 
presence of a short circuit, the rod is swept across the space between the anode and the 
cathode and the projection broken off. 

Deposition of hydrogen at the cathode is due to an insufficient amount of copper 
ions to carry the current. This condition may be caused by too low a circulation rate 
or by the circulation being unevenly distributed between the electrodes. It may als<i 
be caused by the copper content of the electrolyte being too low or the acid content 
being too high. The usual cause is probably an inefficient distribution of the cir- 
ctjlation throughout the tank. The current efficiency may be reduced as much as 6 
to 10 per cent, due to this cause. , ^ 
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£lectrol3rte Purification. — As the impurities in the anode accumulate in the 
electrolyte, the resistance of the latter increases, resulting in a greater power con- 
sumption, and there is also danger of the cathode being contaminated. This con- 
tamination is in addition to the contamination from adhering slimes and is due to the 
fact that the deposited metal on the cathode is always more or less porous. This 
porosity permits a certain amount of the el(5ctrolyte to become entrained, and con- 
tamination from this source will not be removed by the usual washing received by the 
cathode prior to its charging into the wire-bar furnace. The higher the current 
density, the greater the tendency for porous cathodes. Th(j addition of a small 
amount of glue to the electrolyte results in giving a denser deposit, but usually 
increases the resistance of the solution. I'he remedy for such contamination is to 
keep the electrolyte as pure as possible by constant withdrawals and replacement with 
fresh solution. The purification of tankroom solutions is a source of considerable 
expense unless th(i impurities have a mark(5table value. 

The various methods of jmrifying the (‘lectrolyte ar(‘ by th(^ manufacture of blue- 
stone and by the use of insoluble anode tanks with or without the recovery of the 
sulphuric acid. 

In the manufacture of blucstone, the hot ele(!trolytc is passed through towers 
containing shot copper until the free acid is brought down to about 1 per cent. The 
solution is then concentrated with sU^am coils in lead-lined tanks and sent to the 
crystallizing tanks where the copp(5r sulphate is allowed to crystallize on lead strips* 
These crystals may be sold or else n^dissolvcd and sent back to the tankroom. The 
mother liquor from this crystallization contains the impurities, and if the impurity 
is of value, such as nickel sulphate, it may be further evaporated and the nickel sul- 
phate crystallized out, after any traces of copper have first been removed. Otherwise 
the foul solution is wasted aft(’r precipitating out the remaining copper on scrap iron. 

When using insoluble anodes, the solution to be purified is passed through a series 
of tanks containing anodes of hard l(;ad. ThOvse tanks may be used either for the 
reduction of tin* amount of copper in the electrolyte or for the complete removal of 
the copper prior to the final treatment of the solution. Where it is simply desired to 
reduce the amount of copper in the electrolyte, the latter is circulated through the 
tanks at a high rate and returned to the tankroom. The high rate of circulation is 
desired in order that the eHiciency of deposition may b(‘ as high as possible and also 
that the quality of the cathode producc^d be high enough to be sent to the wire-bar 
furnace. Where it is desired to remove the copper completely, the circulation is 
reduced. There are usually three to five tanks in series, and the copper from the first 
tank is generally of good enough quality to send to the wire-bar furnace. I'he product 
of the remaining tanks will, to a large extent, depend upon the composition of the 
electrolyte being purified. As the copper becomes depleted, arsenic and antimony 
are deposited as a sludge, wdiich is generally sent to the blast furnace, if there is one at 
the plant, or els(^ treated by special methods. The last tank eliminates the last traces 
of copper from the elec^trolyte. The efficiency of these tanks is very low, the average 
for the series being about 20 per cent or less. 

If arsenic and antimony an' the impurities to be eliminated, the solution is returned 
to the tankroom. If there is a large amount of soluble sulphates, such as iron, nickel, 
or zinc, the solution from the insoluble anode tanks is cither sent to the sewer and the 
acid content w^asted, or else it may be concentrated by heating to such a point that, 
upon cooling, the objectionable sulphates are crystallized out. The mother liquor, 
which is high in free acid, is then returned to the tankroom. 

The use of the insoluble anode requires considerable power, but the investment 
required is small, whereas a large investment is required for the manufacture of blue- 
stone. If, however, large amounts of solution are required to be purified, there is 
danger of depleting the electrolyte of copper to too great an extent. This is partic- 
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ularly true when the anode contains considerable amounts of nickel or iron, so that 
there is much less copper being dissolved than deposited. In such a case it becomes 
necessary to add copper to tlie electrolyte by means of bluestonc or by trickling hot 
electrolyte through towers containing shot copper. On the other hand, with a pure 
anode there is a building up of the copper contents of the electrolyte, and this excess 
will have to be removed by oin* of the above methods. 

The insoluble tanks are usually in two groups, the first of which has a high rate of 
circulation and removes the bulk of the copper, the second group removing the 
balance of the copper together with siK^h arsenic and antimony as may be pr(*sent. 
As the power consumption of insoluble anode tanks is high, an attempt has been made 
to eliminate the first set by utilizing the principle of the stratification of the elec- 
trolyte.^ In this method advantage is taken of the fact that at the face of the anode 
there is a downward flow of the ch^ctrolytc due to the increase of copper concentrationi 
while at the face of the cathode there is an upward flow due to the decreast^d copper 
concentration. By withdrawing the main bulk of the electrolyte from tlu' lower pari 
of the tank and about 10 per cent from t he upper part, th(‘re is obtaim‘d from the lower\ 
outlet a solution high in copper and relatively low' in acid, wdiile from tin* upper out-\ 
let the solution is low^ in copper and relatively high in acid, the copper Ixnng h'ss than \ 
is usually obtained from the oiith't of the first group of insoluble anode tanks. As \ 
the impurities do not segregate*, the solution from tin* upp(‘r ()utlet contains prac- 
tically the same amount of impurities as the average* solution in the tanks. This 
method thus saves the extra cost of one group of insoluble tanks and pnxhices a 
cathode similar to those obtained from the rcjgular refining tanks, with tin* exp(*ndi- 
ture of little, if any, more power than requin^d for the prodii(;tion of n‘gular cathode,s. 

The* cathodes from the electrolytic? refining, having beem wash(*d, are sent to the 
wire-bar furnace. This type of furnace is similar to that d(‘seribi‘d iindc'r anode 
casting (pp. 249-251), but the* operation requires more care, particularly in tlu? poling * 
operation and casting. Gr(?at care mast be tak(*n to have the metal at the proper 
heat, as cold copper will rc'sult in bars that are porous. Hot coppc'r will absorb 
gases from the gases of combustion, and these gases will be liberated on cooling, giving 
porous copper. 

Overpoling causes the surface of the bar to rise and throw out a worm, and the 
resulting metal wdll vciry likely he brittle. The causes of overpolmg are not d(?finit(*ly 
known, but it is believed that sulphur plays an important part. 

Refined copper is cast on the Walker wheel or the straight-1 iiu? machine, as 
described previously. The Clark wheel is a modification of the Walker wheel witli 
the molds placed radially instead of tangentially, and bars of any h?ngth can readily 
be cast thereon. 

The commercial forms of cast copper are wire bars, cakes, slabs, ingots, and ingot 
bars. Wire bars are bars of approximately square cross section, the length varying 
from 40 to 60 in., the width and depth from 2^2 to 4 in. The ends are usually tapered 
to facilitate admission to the rolls in the rolling mill. The w(*ight of wire bars varies 
from 135 to 300 lb. according to the demands of the consurneT'. Cakes an? square, 
or rectangular castings, varying in dimtiusions from 14 X 17 in. Uy 42 X 42 in. The 
thickness depends upon the weight desired for any particular cross section and varies 
from 2 to 8 in. Cakes under 28 X 28 in. are generally cast on the casting machine, 
the larger ones being cast in open iron split molds, placed on a copper base. Slabs 
are long, thin, shallow bars, usually with square ends. Ingots are small castings 
weighing about 20 to 25 lb. and have one or Iw'o heels cast to permit being broken up 
easily by the consumer. Ingot bars are bars consisting of several ingots end to end. 

Cakes and wire bars are also cast vertically to reduce the amount of “set" surface. 

*PT 2 fi}, Trana. Am. Electroehem. Soc., Vol. 28, p. 111. 
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When casting refined shapes the molds are painted with bone ash. This gives 
a smoother surface than the pulverized silica used in the anode casting. For satis- 
factory work, the bone ash must be thoroughly calcined, be free from grease and 
organic matter, and must be very finely groimd, 95 per cent to pass 200 mesh. It 
must be applied uniformly to the molds, or the excess will cause the bars to be pitted. 

When casting refined copper, great care must be used. If the mold is filled too 
rapidly, there will be a tendency for some of the copper to run up the side of the mold 
and set there. Excessive vibration of the casting machine has the same effect. 
Unless these fins are removed by chiseling before rolling, they will be rolled into the 
finished rod and cause trouble. Particles of ladle lining, charcoal, etc., are known 
as ^*fish^^ and are removed during the casting and before the metal has set by the use 
of a long-handled, flat-bladed tool. * 

Over- and undersized bars are caused by the molds being out of level, warped, or 
by the carelessness of tlie operator in filling the molds. An oversize bar may cause 
trouble in the rolling mill by crowding the roll and thus producing a fin which is rolled 
into the product. Undersized bars cause no damage in the mill, but add to the 
expense of rolling owing to the shortage in weight, which requires more pieces to be 
rolled for the same tonnage. 

As the bars set, they are sprayed with water and dumped into a water-filled bosh 
to cool sufficiently to permit of handling and inspecting. The inspection is very 
j igid, and bad-looking bars are rejected and remelted. The bars that pass the inspec- 
tion are stamped with the furnace and charge number for future reference in case of 
complaint. 

The quality of the copper is d(*termined by assay and by taking a sample for con- 
ductivity. While the assay will show the purity of the metal, which generally is 
about 99.93 to 99.96 per cent, the conductivity test is relied upon to show the physical 
qualities, Small amounts of impurities have, in general, a very marked effect upon 
the conductivity of copp)er, and while those elements which make copper brittle do 
not, for the most part, affect the conductivity to any great extent, their presence will 
be detected in drawing the wire for conductivity purposes. 

Treatment of the Anode Slime. — The anode slime contains all the silver and 
gold that is present in the anode, disregarding the insignificant amount lost in the 
cathode. It will also contain varying amounts of arsenic, antimony, selenium, 
tellurium, nicked, and a certain amount of copper, depending upon the degree of 
refining the anode. 

At the tankroom the slime is generally passed over a coarse screen to remove large 
pieces of copper, such as anode scrap and cathode nodules, and is pumped over to 
the silver refinery, where it is allowed to settle in tanks of large cross section. The 
supernatant liquor is decanted and returned to the tankroom. The fixst step in the 
treatment is the removal of the copper content, w^hich may vary from 15 to 50 per 
cent. There are several methods of accomplishing this. The earlier method was to 
agitate the slime with a mixture of sulphuric acid and niter in a lead-lined vat by means 
of mechanically rotated paddles, heat b(nng applied by means of steam coils in the 
bottom of the vat. The niter oxidized the copper, which was converted into copper 
sulphate. When the reaction was complete, the residue was washed and allowed to 
settle, and the liquor decanted and sent to the tankroom. The mud was then filter- 
pressed and sent to the refining furnaces. A modification of this process was in agi- 
tating the mixture by means of compressed air instead of the paddles. 

The serious obj(‘ction to the use of this method, aside from the expense of the 
niter used, was in the formation of large amounts of sodium sulphate, which went back 
to the tankroom with the copper sulphate, and increased the resistance and specific 
gravity of the electrolyte. In order to avoid this and to do away with the expense 
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of niter, the slimes are given an air roasting with sulphuric acid present, after which 
they are boiled with acid to remove the (opper sulphate. This method has entirely 
supplanted the former one. 

The slime is either spread in thin layers in trays or in a thin layer on the hearth 
of a roasting furnace, and heated with a large excess of air to a point where oxidation 
occurs, but below the point where the slimes start to sinter. The slime may or may 
not be rabbled during the roasting, depending upon the existing facilities for catching 
the flue dust that is formed. When no rabbling is done, the time for the oxidation is 
necessarily of longer duration ; a sulphurkvacid spraying may also be given. When the 
roast is completed, the slime is removed from the roasting furnace and conveyed in 
cans to the boiling tank, w’here it is boihd with dilute sulphuric acid, which removes 
the oxidized copper as copper sulphate. Jt frequently occurs that in this boiling a 
considerable amount of silv(*r goes into solution, and this must be precipitated by the! 
addition of the nec(^ssary amount of raw' slime, the metallic copper of which reacisl 
w'ith the silver. The objection to this procedure is that an ex(*ess of the raw slime is\ 
generally added so that the finished slime contains more (topper than is desired. 

Ily any of the above methods the copper in the treat (^d slime may be reduced to 
about 1 per cent, and the slime is then n'ady for the furnace treatment. The furnaces 
used are generally small basic-lined reverberatories, or else small basic-lined tilting 
furnaces, the latter being preferable on account of the smaller amount of precious 
metal tied up in the furnace linings, an item of no small importance. Th(‘ furnaces 
may be fired by fuel oil, gas, or powdered coal. 

The slime is charged into the furnace with a small amount of soda in order to thin 
out the slag formed on the medting dowm. The slime readily imdts, and during the 
melting a very fusible thin slag is formed, which is drawn off as it is fornu'd, so as to 
keep the surface of the slinu* from being blanketed and slow ing down the melting. 
W’hen the charge is completely molten, further additions of soda are madc^ and the? 
charge is oxidized by compressed air through iron pipes inscrt(‘d under the surface 
of the charge. During this oxidation, the great bulk of the impurities arc removed 
and the charge gradually assumes a metallic aspect. When the soda slag w ill nnnove 
no further impurities, the metal is covered with niter and the oxidation (^ontinueil. 
This procedure brings the bath up to a good grade of dorc'^, 980 to 990 silv(*r plus gold, 
and the in(*tul is then n^ady for easting into dore anod(\s. 'J'h(? niter slags f()rm(‘d 
during the last operation are generally charged back into tin; furnace with th(‘ suc- 
ceeding slimes, the soda slags being sent to the blast furnace for recovery of the silver 
and copper content, or treated for the recovery of tellurium beffore resmelting. In 
some plants the soda slags are returned to the anode furnaces, but this practice is not 
to be recommended, as the various impurities in the slag enter the anode to a con- 
siderable extent, thus making them circulate in the system and usually giving trouble 
with the solution of the anodes in the tanks. 

The dore, w^hieh is the name givtm to the high-grade mixture of silver and gold, 
is then cast into anodes by the use of a hand ladle. The anodes vary in size at the 
various plants, depending upon the process for removing the silver. For the average 
electrolytic process the size will be approximately 12 X 6 X ?'2 bi. The anodes are 
then sent to the parting plant, w here the silver and gold are separated. For this pur- 
pose there arc tw'o well-established processes in use at the present time, the sulphuric 
acid and the electrolytic, described in Chap. X. 

Should there, be platinum or palladium pr(‘scnt in the dore, these metals will accom- 
pany the gold. The methods of extraction are chemical or electrolytic. In the former 
the gold mud is boiled with strong sulphuric acid and a small amount of nitric acid 
or niter, which dissolves practically all these metals. The resulting solution is then 
passed over copper to precipitate the silver and the platinum and palladium. The 
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resulting sludge is then dissolved in aqua regia, which dissolves the platinum and 
palladium but leaves the silver as silver chloride. From this solution the platinum 
and the palladium are recovered by the use of ammonium chloride and ignited to 
give a metallic sponge of a purity of 98 per cent or better. 

Metal Losses in Refining. — The question of metal losses in the refining of copper, 
with its accompanying silver and gold, is one of great importance. The sources of 
losses are numerous, and vigilant attention is required to keep them within proper 
limits. The usual sources of losses taken in the ord(^r the material passes through the 
plant are as follows: weighing, sampling, assaying, anode slag, anode flue dust, cathode 
loss, wire-bar slag, wircvbar stack, weigliing, slimes loss in silver process, gold in fine 
silver, silver in fimi gold. There are also certain oUkt losses, such as those from solu- 
tion and theft. 

In weighing, considerable loss may be experienced through lack of proper care 
of the sc-al(*s and carciless hamlling of test weights. In the average plant these points 
are generally givcui cartiful attention. A usual source of error in weighing lies in the 
taring of the cars carrying the incoming blister. These should b(i carefully tared at 
stated intervals and particularly after any repair work has been done on the car, 
no matter how slight. An error of considerable magnitude may be caused in weighing 
cars that are not properly protected from the wind while on the scale. 

Sampling errors may easily run into large figures, and ev(*ry possible precaution 
should b(' taken to see that the best practic(' is in use. This is particularly important 
where the blister copper contains considerable silver and gold. The question of 
moisture in blist(*r copper is important. TIk^ average coppiT is very porous and will 
absorb up to 0.5 per (;ent of moisture while a})parently quiti^ dry on the surface. A 
fr(5qu(‘nt source' of error against the refim^ry lies in the occluded moisture from (|uench- 
ing the copper as it comes from tin; molds at the (‘onverters. This may amount to 
as much as 0,25 per cent and can be determined only by carefully drying th(i copper 
at a tempc'raturc sulficicmt to drive off the moisture, but, not sufficient to oxidize the 
copper. 

In assaying, errors frequently occur through the laboratory using methods that 
give consistently low results or consistently high results. Unless the splitting limits 
are quite close, so that such methods are brought to the front by the frequency of 
umpir(‘ assays, a serious error may be introduced. 

Anode and wire-bar stack losses will, to a large extent, depemd upon the nature ot 
the nuit(Tial l)eing treated in the furnace. 'Fhe apparent magnitude is not large 
judging from baghouse tests, particularly where, as is almost always the case, waste- 
heat boilers are installed. 

;\ju)de and wire-bar slag losses may, and frequently do, amount to a considerable 
item. TIk'sc slags will run in the neighborhood of 40 to 50 per cent copper and must 
be r<'-treated in a blast furnace for tin* recovery of the copper. It is necessary to slag 
off the sili(‘a cont<*nt, and, as the slag from the blast furnace will contain some copper, 
it is apparent that the more slag made in the reverberatory furnaces the more slag 
will be made in the blast furnace with its accompanying copper loss. This loss is 
particularly serious in cases where the refinery slags are treated in a black-copper 
furnace, as in such a case the resulting slags are very much higher in copper with a 
correspondingly greater copper loss to the refinery. 

Cathode losst^s constitute one of the largest items of silver and gold losses in the 
process. There is always a certain amount of anode slime floating in the electrolyte 
and, if the cathode is rough, a large amount of this may be caught and thus pass into 
the wire bars, where it is lost. This loss may be controlled by careful supervision over 
the factors affecting the cathode deposit, such as proper refining of the anode, current 
density, and rate of circulation. 
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In the treatment of the anode slime in the silver building there is opportunity for 
great losses in the furnace gases. In former years these losses were of considerable 
magnitude, and it is only with the recent installations of the Cottrell system that their 
real magnitude has been appreciated. At the present time with properly designed 
Cottrell apparatus the losses from the silver-refinery roaster and furnace gases have 
been reduced to a very low point, though, even with this safeguard, careful watch 
must be kept on every step in the process for unsuspected leaks that, in the course 
of a year, may be considerable. 

In the production of fine silver there is always loss of gold due to the difficulty of 
keeping the gold mud completely out of the silver crystals. Similarly, the refined 
gold always contains some silver. The partial cure for such losses is in proper (;are of 
the dor4 anode bags so that the loss is reduct'd to a minimum. 

The amounts of the losses in cathodes, silver, and gold arc kept continually before 
the management through the daily assays, so that an> tendency to go wild should bc\ 
promptly discovered and means taken for correction. 

Losses by theft may amount to a large item, particularly if there is much small 
stuff such as copper scrap or scrap wire received. Such copper is easily carried out 
of the plant in dinner pails, clothing, etc., and a careful watch must be kept to keep 
this at a minimum, A thorough policy of prosecution when an cmi)loyee is caught 
will go a great way to prevent similar occurrences in the future. 

In general, it may be stated that in a well-conducted rc'finc'ry the copper losses will 
average about 7 to 8 lb. per ton of cathodes produced. Silver and gold should break 
about even, provided the assays are uncorrected; if corrected, the silver loss will be 
about 2 per cent and the gold loss about 1 per cent of the contents of tin* anode, as 
these figures are the average corrections for the usual type of copp('r ri‘ceiv(‘d by the 
refineries. 

Properties of Refined Copper. — The melting point of pure copper is 
w'hich may be slightly reduced by the presence of small amounts of cuprous oxide. 
The boiling point is in the neighborhood of 2310^0., but experimental difficulties have 
prevented a precise determination. 

The latent heat of fusion is 43.3 cal. per g., and its specific heat varies wdth the 
temperature. The National Bureau of Standards gives the latest dtderuiination as 

C = 0.0917 X 0.000048(f ~ 25) 
where i is the absolute temp<?rature. 

The electrical conductivity of copper varies greatly, depending upon the presence 
of minute quantities of various impurities. The following tables compiled from 
various sources, together with experimental w'ork bj’^ the writer, show' in a general 
way what may be expected. It must be kept in mind, however, that the presence 
or absence of oxygen in the copper may greatly vary the results. When the impurity 
is in solid solution, its effect is generally much greater than if it is in some other form. 
In these tables the conductivity of pure copper is arbitrarily taken at 100 per cent. 



CONI>UCTIVITT, 


CONDtJCTIVITY, 

Pbb Cbnt 

Cbnt 

Per Cent 

Per Cent 

Aluminum: 


0.050 

95.0 

0.000 

100.0 

0.100 

88.0 

0.006 

99.0 

0.250 

75.0 

0.050 

84.0 

Arsenic : 


0.100 

67.0 

0.000 

100.0 

Antimony: 


0.005 

98.5 

0.000 

100.0 

0.010 

95.5 

0.020 

97.5 

0.050 

85.0 
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Per Cent 

CoNDtTCTrVITT, 
Per Cent 

Per Cent 

CoNDUCnvlTT, 
Per Cent 

0.100 

75.0 

0.070 

60.0 

0.200 

60.5 

0.150 

42.0 

0.500 

40.0 

Silver; 


Bismuth; 


0.000 

100.0 

0.000 

100.0 

0.100 

99.8 

0.005 

100.2 

0.500 

97.5 

0.010 

99.5 

1.000 

95.5 

0.050 

98.5 

Sulphur: 


Cadmium; 

0.000 

0 025 

100.0 

99 9 

0.000 

0.050 

0.100 

100.0 

99.5 

98.0 

0.050. 

0.100 . 

0 250 

0.500 

licad: 

O.tXK) 

0.050 

... . 99.6 

99.0 

97.0 

96.0 

100.0 
. 99.5 

0.250 

Tellurium: 

0.000 

0.010 

0 025 

0 050 

0 100 

Tin: 

0 000 

0.050 

0.100 

97.0 

100.0 

100.0 

99.0 

99.0 

98.5 

.0.100 

0 300 

Nickel; 

99.0 

98.5 

100.0 

98.0 

93.0 

0 000 

100.0 

0.500 

75.0 

0 005 

99.0 

Selenium : 

0 000 

0 010 


0 010 

0.100 

98.5 

93.0 

100.0 

QQ 0 

0.400 

1.000 

75.0 

55.0 

0.050 

0.100 

98.5 

98.0 

Phosphorus: 


Zinc: 


0.000 

100.0 

0.000 

100.0 

0.005 

100.5 

0.050 

98.5 

0 020 

96 0 

0.100 

96.5 


The effects of the various impurities on the meehaiiieal properties of copper may be 
summarized as follows; 

Arsenic toughens, hardens, and increases the tensile strength of copper when 
present up to at least 1.5 per cent. It will not impair the forging properties when 
added in amounts up to 0.5 per cent and invariably improves the forging properties 
of impure copper. 

Antimony hardens and strengthens copper, though not to the same extent as 
arsenic. It is not detrimental in amounts up to 0.5 per cent if other impurities are 
absent and the proper amount of oxygen is present. 

Bismuth has by far the most deleterious effect on copper of any impurity; 0.02 per 
cent makes copper red-short, 0.05 per cent makes it cold-short, and O.l per cent makes 
it very brittle. The injurious effects of bismuth may, to a certain extent, be counter- 
acted by the presence of oxyg(*n. 

Cobalt is said to confer greater durability at high temperatures and toughens, 
hardens, and strengthens copper in the cold. 

iron, when present in amounts in excess of 1 per cent, makes copper hard and 
brittle. 
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Lead when present alone in copper reduces the strength, ductility, and toughness 
of copper, as the latter has no solvent power for lead. The latter, therefore, lioney- 
combs the structure more or less uniformly and greatly weakens it above ordinary 
temperatures. In the presence of oxygen and arsenic, lead may occmr to some extent 
without ill effects. In the absence of oxygen and arsenic, 0.1 per cent lead will make 
copper unworkable, but with oxygen and arsenic present this amount is claimed to 
make copper roll better. 

Nickel in small amounts — a few tenths of 1 per cent — ^imparts strength, toughness, 
and increased resistance to deformation at high tempcTaturcs. In Gerniany, copper 
containing a small amount of nickel is preferred to arsenical copper for the manufac- 
ture of fire^boxs heets. 

Oxygen in (commercial impure wrought copper is essential where the nnctal has to 
withstand repetition of small stresses, exposure to atmosphere, influenc(i of corr()siv(i 
agents, etc. Its presence offsets the harmful effects of bismuth, lead, ('tc. ( -oppcd 

containing too much oxygen is cold-short, and, if the oxygen is in great excess, the^ 
metal is also hot-short. 

Silicon, when added to copper in amounts up to 3.t5 per cent, increastes tlit* hardness ' 
and assists in the production of sound castings. With 6 per cent silicon, copper is 
brittle. A siiiall amount of silicon, 0.1 per cemt, addc'd to c.oppi'r will incrcasci the 
fluidity of mollen copper so that castings free from blowholes can readily be produced. 

Silver in copper Ixci.t fits its mechanical properties and has no effect upon its hot- 
working properties. 

Sulphur in copper forms a highly dangerous brittle constituent and is very detri- 
mental to th<‘ mechanical working of copp(T. When pr(‘S(mt, its bad (5ff(M*,ts may, to 
a large dc^gree, be counteracUxl by the addition of manganese or aluminum. 

Oxygen “free copper (OFIIG) having qualities supcTior to rc'gular fir(^-refin(‘d 
copper is produced by a pate,nt(‘d proc(‘ss dev(‘lop(‘d by the Unit(‘d States Metals 
Refining ('o. In this procc'ss the last trace's of oxygen are removed in the r(‘fining 
process, and the metal is cast in a r(‘(lucing atmosphere. 

Another type of oxygen-fre<; copper is produced by first de])ositing a brittle 
copper cathode, which is broken into pieces of the desired sizii. Th(*se piece's are 
briquetted by compr(*ssing at a pressure of 20,000 lb. per sq. in. The briquettes are 
th<m sintered in a reducing atmosphere and pass to an ('xtrusion pn^ss, from which 
solid metallic copper is produc(id in the shapes d(*sired. 

Electric melting of copp(?r cathodes has b('en developed by the International 
Nickel Co. This company has installed electric arc furnace's which an* continuously^ 
charged with cathodes and which produce finished shapes without the usual blowing 
and poling operations of the refining furnaces. 



CHAPTER X 


REFINING OF GOLD AND SILVER BULLION 

By Elky J. Wagor^ 

Parting. — Gold and silver are so intimately associated in all classes of bullion pro- 
duced in eith<T mining or metallurgical operations that refining processes must not 
only consider the elimination of the base metals present in the alloy, but also the 
“parting,” or separation, of the gold and silver. I'his separation is effected by dry, 
wet, or electrolytic methods. 

The dry method is based on the conversion of the silver in the alloy to a chloride 
or a sulphid(' while the bullion is in a state of fusion. This principle finds application 
in th(‘ so-called Milh'r process, in which chlorine gas is passed through the molten 
nndal, convicting the silver and base metals into chloridi^s which pass off as fumes or 
are skimmed from the surface of the molten charge. The use of this method is, of 
counse, restricted to bullion carrying limited amounts of silver. 

The wet method depimds upon the solubility of silver and the insolubility of gold 
either in nitric acid or in boiling concentrated sulphuric acid. In practice, the 
sulphuric acid-parting process has gradually supers(‘dcd the oldi'i* and more expensive 
nitric-parting process. 

The (dectroly ti(‘ method is essentially a wet method, but is based on electrochemical 
rather than simple chemical reactions. Electrical energy is used to produce chemical 
changes by th(^ passage (»f a current through an electrolyte. The Moebius, Balbach, 
and other silver-refining processes for refining bullion in which silver predominates 
in the alloy depend on the aohibility of silver and the insolubility of gold at one elec- 
trode and a deposition of silver at the other under current action in a nitric electrolyte. 
The only difl’erences in these silver-refining methods are certain mechanical variations 
and arrangements in the eipiipment used. The application of electrolytic parting to 
bullion in which gold is the predominant metal is found in the Wohlwill process of gold 
refining based on the solubility of gold and the insolubility of silver at one electrode and 
the deposition of gold at the other, under current action in a chloride electrolyte. 

In this general outline of methods used in the parting of gold-silviT alloys, detailed 
consideration will first be given to the Miller process, or the refining of gold bullion 
by the use of chlorine gas. 

Miller Process of Chlorination. — The equipment and the operation of the Miller 
proi^ess installation in the Royal Mint at Ottawa, Canada, are described by Messrs. 
C'leavc and Bond.* 

This plant operates 16 chlorination, 2 tilting, and 4 ordinary furnaces. The 
chlorination furna(‘es are of fire clay, cylindrical in shape, with an inside diameter 
of 9 in. and a depth of 18 in. This battery of furnaces is connected with a large flue 
chamber provided with a spraying system for washing and cooling the fumes developed 
in the operation of chlorination. Provision is made for the recovery of values in the 
water through which the fumes have passed in a series of filters and settling tanks. 
Chlorine gas is supplied from cylinders housed in a brick leakproof closet. The gas is 

' Superintendent, Melting and Refining Department, U. S. Mint, Denver, Colo. 

’ Enu. Minint/ Jour.-PruM, Keb. 3, 1923. 
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conducted through a heavy lead pipe extending along the top of the flue chamber with 
a branch leading to each furnace fitted with a valve for regulating the flow of gas to 
the different units. 

Clay crucibles are used having a height of 11^ in. and a diameter at the top of 
6% in., tapering to 334 in. at the bottom. These are provided with slotted covers to 
allow inserting and withdrawing the clay pipe stems, which are about 2 ft. in length 
and ^ 6 in. in diameter. In the operation of chlorination, the clay crucibles are placed 
inside graphite crucibles as a safeguard against leakage or breakage. 

Bullion for treatment is first melted in a tilting furnace in charges of 7000 to 
8000 oz. After the chlorination equipment is brought to a red heat, 600 to 700 oz. 
of the molten bullion from the tilter is poured into each crucible, sufficient borax 
having been previously added to form a cover in. in thickness. The pipe stems are 
forced to the bottom of the crucibles and held in position by clamps. The gas is 
turned on slowly at first, and the flow is gradually increased to the maximum where 
no free chlorine is given off. The base metals are immediately attacked, and pass off 
in dense f limes, which are drawn into the chamber through the furnace flues. \ 

After the base metals have been practically i^liminated, chloride of silver is formed,\ 
which floats on the surface of the gold beneath the borax cover. When eh lor i nation \ 
has been completed, dcitermined by a brownish stain formed on a clay rod held in the \ 
fumes, the remaining silver chloride and other impurities are baled off. The gold is 
then cleaned up with bone ash and poured into a mold, and the cruc;ible is ready for 
another charge. 

The time necessary for tlie completion of the operation depends, of course, on the 
amount of silver and base present in the bullion. Bullion containing 800 parts gold, 
150 parts silver, and 50 parts base metal per 1000 requirt's 1 \ hr. for chlorination, 
and during this period it is necessary to skim off the silver chloride formed three times 
to prevent it from overflowing the crucible. 

The chlorides skimm<‘d off’ during the operation are remelted in a No. 45 graphite 
crucible, and sodium carbonate is slowly charged in on the top of the melt. This 
effects a partial reduction of the chloride to metallic silver, which, in settling to the 
bottom of the crucible, carries with it the gold contained in the chloride*. The charge 
is allowed to cool sufficiently to solidify the metal, and the still molt(*ri chloride is 
poured into shallow molds. The silver containing the gold is cast into anodes and 
refined by the electrolytic Moebius process. 

The chloride cakes are treated in a tank with boiling water to riunove the base 
chlorides, and then placed in another tank in alternate layers with iron plates for 
reduction of the chloride to metallic silver. This silver will sometimes approximate 
a fineness of 999. The gold from this process will average 996.5. With a plant as 
outlined, it is possible to produce 250,000 oz. of refined gold in a 48-hr. week. 

Sulphuric Acid Partiug. — This process has been described in detail by Schnabel 
in his “Handbook of Metallurgy,” by T. K. Rose in “The Metallurgy of Gold,” 
and by others, and consists essentially in four operations as ^llows: (1) blending of 
the bullion to required fineness and preparation for parting operation; (2) dissolving 
of the silver by sulphuric acid; (3) treatment of the residues for gold; (4) recovery of 
the silver from sulphate solution. 

Blending of the Bullion. — The bullion must be blended or mixed in such propor- 
tion that a melt of prescribed weight must contain certain definiUi proportions of gold, 
silver, and base metals. The make-up varies in different plants, ranging from 23|j 
to 4 parts of silver to 1 part of gold according to the amount of copper present. The 
sulphates of the base metals present in the bullion are only slightly soluble in con- 
centrated sulphuric acid, and care must be exercised in keeping the basci-metal ciontent 
within certain limits. The copper present should never exceed 10 per cent, and, if 
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possible, should be kept under 6 per cent. Lead, up to 5 per cent, does not materially 
interfere with the process. The bullion is melted in graphite crucibles in melts of 
3600 to 6000 troy oz. 

In order to expose the maximum amount of surface to the action of the acid, these 
melts are either granulated or poured into thin slabs. Granulations are made by 
pouring the molten metal, in a small stream with a whirling motion, into large copper 
tanks filled with cold water. After pouring, the water is drawn off and the granu- 
lations are dried on heated trays of either copper or iron. Slabs for parting are cast 
into shallow iron molds % in. deep by 9 in. wide by 15 in. long. The advantage 
claimed for the slabs over granulations is in the less violent action of the acid, thus 
affording better control of the dissolving action. 

Solution of the Silver. — ^This is effected in cast-iron pots of fine-grained, compact 
white iron containing a small percentage of phosphorus or silicon. These pots are 
usually hemispherical in shape, 40 in. or less in diameter, with a 1 to 2-in. wall. 
Covers, either of cast iron or heavy sheet lead reinforc.ed with iron, are fitted to the 
pots with lead-pipe connection foi carrying off the fumes of sulphur dioxide and 
openings for charging with metal and acid. Dissolving kettles have capacities 
ranging from 3600 to 16,000 troy oz. 

For each pai t of silver in the bullion, 2 to 2>2 parts by weight of commercial con- 
centrated sulphuric acid, 66°Be., is added. Heat to facilitate action of the acid is 
usually applied by wood fire, and extreme care must be used in regulation of the tem- 
perature in controlling the ebullition. One-half of the total acid required is added 
at the start, and the remainder from time to time as the action warrants. During 
action, the charge, must l)e stirrt‘d occasionally with an iron tool. The time required 
for completes solution of the silver varic‘s from 6 to 12 hr., depending on the amount 
of base metal present and the care with which repeated stirrings are made. The acid 
vapors are led to a cond(uising chamlxT where particles of silver sulphate carried over 
may be deposited. SO 2 may be recovered in leaden chambers as sulphuric acid, 
ferrous sulphate, or hyposulphite. 

The reaction represented in the process w^ould be 


Ag 2 + 2H2SO4 = AgS 04 -h SO2 + 2H2O 


The base sulphates are only slightly soluble and, therefore, have a tendency to stay 
with the gold residucis; their chemical reactions are, as a rule, quite complex. In the 
end, a small amount of cold acid is added to help clear the solution. The chjar solu- 
tion of silver is ladled or siphoned into lead-lined tanks partly filled with hot water, in 
which the precipitation of the silver is effected. 

Treatment of the Residues for Gold. — Repeated boilings of the gold residues with 
fresh coiicentrated acid ar(i necessary to nmiove the remaining silvi^r and base metal. 
Often as many as seven boilings are necessary. Residues are finally washed with hot 
water or hot dilute acid to remove the anhydrous sulphates. The gold is pressed, 
dried, and melted with a flux of niter and bone ash, and is cast into bars having an 
average fineness of 995. 

Recovery of Silver from Sulphate Solution. — Silver may be recovered from solu- 
tion by precipitation with copper, iron, or ferrous sulphate. The most common 
method is by copper replacement, in which the solution is brought to a concentration 
of by steam, and silver is precipitated as cement silver on scrap copper placed 

around the sides and on the bottom of the tank, or, better, on slabs of copper hung 
vertically in the solution. After the silver is completely precipitated, it is allowed to 
settle and the, clear solution siphoned off. The silver is removed to a wooden filter 
tank where it is thoroughly washed. After pressing into cakes, it is dried and melted. 
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giving a product, after fluxing, 990 to 998 fine. Further refinement, if necessary, 
may be accomplished by cupellation. 

In the iron method of recovery, the silver sulphates is separated out in solid form 
and packed in layers alternating with layers of sheet iron. This method is attended 
with much heat and considerable gassing, but is more economical . The silver may also 
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be recovered by running a hot solution of hi. )us sulphate through a filter containing 
crystals of sulphate of silver according to the reaction 

Ag 2 S 04 “f* 2 FeS 04 ^ Ag2 "f" h 02(804)3 

The ferric sulphate may he reduced by iron and used again for reduction of the silver. 

Where copper is used for pre cipitating the silver, the copper in the mother liquor 
may be crystallized as copper sulphate by alternate evaporation and crystallization 
on lead sheets suspended in lead-lined tanks. 

Electrolytic Processes. — lillcctrolytic methods of refining have, to a large extent, 
replaced or supplemented the acid-parting procMiss not only in large-scale operations 
but also in the smaller plants, in private as well as government-operated refineries. 
The advantages over acid parting may be summed up as follows: (1) lower cost of 
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operation, (2) higher standard of refined product, (3) neatness of operation and 
absence of noxious fumes, (4) recovery of the platinum metals as by-products. 

The Moebius and Balbach systems of silver refining find application in the treat- 
ment of bullion ranging from a few points of gold (dor6 silver) up to 350 parts per 
1000; the Wohlwill process of gold refining, in the treatment of bullion containing 
850 or better of gold per 1000. 

The Moebius Process.' — Wooden tanks of pitch pine may be used, thoroughly 
tarred to prevent leakage. These tanks, 2 ft. wide by 12 ft. long, are divided by 
transverse wooden partitions into seven compartments or imits. In each compart- 



Fio 1. — Moebius cells. Anode shown at left. Stripping cathode at right. 


ment are suspended three rows of anodes and four rows of cathodes. The anodes 
are suspended in muslin bags or cloth frames which servo to collect the undissolved 
metals and prevent contamination of the deposited silver. The cathodes are thin 
rolled strips of pure silver, which are straddlcHi by mechanically operated wooden 
scrapers removing silver crystals as fast as they are deposited, and serving to keep the 
electrolyte uniform by gentle agitation. A removable tray is placed under the elec- 
trodes for removal of the silver, and all arrangements, electrodes, scrapers, etc., in 
each unit are carried on a frame and can be lifted together from the refining tank. 

The electrolyte is a weak solution of silver nitrate containing free nitric acid, 
though the operations may be started with a dilute solution of nitric acid. 

In the treatment of dor<5 silver bullion the permissible current density varies from 
20 to 28 amp. per sq. ft. of cathode surface, and the potential across the electrodes, or 
of the unit, is 1.4 to 1.5 volts. At this density about 40 per cent of the daily output 

' For a description of this process as practiced at Maurer, N. J., see Griswold, Eng, Mining Jow,^ 
Vol 107, p. 789, May 3, 1919. 
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of each unit is permanently held in stock in cathodes and electrolyte. The energy 
consumption is 13.2 watt-hr. per oz. of silver deposited. 

The anode mud, consisting of gold, some silver, lead as peroxide, and other insoluble 
metals, is removed periodically from the bags and, after washing, is parted by acid O'* 
other means. 

The silver is deposited in a loose crystalline form easily removed from the cathode, 
although at lower current densities it is deposited in a more adherent form. An addi- 
tion agent, as gelatin or glue in the electrolyte, to harden the deposit, is effective only 
when the solution is comparatively free from base metals. 

Balbach Process.^ — The electrob^te used in this process is the same as used in 
the Moebius, but the anodes, instead of being suspended vertically in the electrolyte, 
are placed horizontally in filter frames or baskets supported on the edges of the tanks,, 
and the silver is deposited on a cathode fitted to the bottom of the refining cell orj 
tank. Originally, this cathode was made of silver, but the universal practice now isl 
to use graphite plates, M iu. thick, cut to size to fit the bottom of the refining tank. ) 
Contact with these plates is effected by use of silver candle-shaped contact pieces 
cast in a special mold, and in a similar manner electrii^al connection is made wuth the 
anode. The anodes are cast in thin slabs and placed in the muslin-lined wooden 
frames or baskets with grill bottom. The insoluble residues accumulate on the 
underside of the slabs as the parting progresses, thus gradually increasing the resist- 
ance of the cell. The deposited silver is removed f^orn the bottom of the cell by a 
long-handled scoop of wood or hard rubber, the anode basket being raised clear of the 
cell to facilitate the operation. 

The distance between the electrodes is 4 in. and the depositing surfaces about 8 sin 
ft. With a voltage of 3.8 per tank and a current density of 20 to 25 amp. per sip ft., 
the energy consumption is 31.5 watt.-hr. per oz. of silver produced, and 32 per e(*nt 
(approximately) of the daily output is held in process in electrolyte and contact pieces. 
No agitation or circulation of the electrolyte is required in this process. 

A critical comparison of the Moebius and Balbacli systems is made by F. D. 
Easterbrook.® It is to be noted that the Balbach cell is simpler in its operation, hav- 
ing no moving parts. Its energy consumption, however, is greater, and its depositing 
surface per unit of floor area is considerably less than that of the Moebius. 

An innovation in silver refining was tried for some time in the Ottawa Mint 
in Canada, and was described by A. H. W. Cleave.® 

The cell made use of a rotating cathode and piTinitted a current density of 150 
amp. per sq, ft. of cathode surface at a voltage of 2.5 without unduly increasing the 
temperature of the electrolyte. I'hese cells were 36 in. in diameter, and the elec- 
trolyte was contained in the annular .space 8 in. wide by 18 in. deep between the outer 
and inner walls of the cell. The cathode carrier was supporti^d at the center of the 
cell and was revolved by a shaft passing through this central hollow space. The 
deposited silver was loosely adherent and was automatically sirraped from the cathodes, 
falling into removable trays from which the silver was removed every 4 hr. 

An interesting comparison between the Moebius and the newmr type of cell was 
given by Cleave.^ In spite of the apparent advantages, it is undenstood the newer 
cell was abandoned. 

The United States government in its Mint and Assay Service operates three elec- 
trolytic refineries. All classes of bullion are received for refining, except that in which 

> Balbach Eefinery, Elec. Chem. Ind., Vol. 2, p. 302; Thvm and Babtusbrook, Electron Chemn Met, 
Jnd., Vol. 6. 

* Trana. Am. Eleetrochem. Soc.^ Vol. 8, p. 125. 

» Eng. Mining Jour.-Preaa, Vol. 116, p. 21. 

*Loe. eit. 
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the base-metal content exceeds 800 parts per 1000, and electrolytic processes are used 
exclusively in the parting and refining operations, the Moebius and Balbach-Thum 
processes for silver, and the Wohlwill method for gold. Most of the refined silver is 
produced by the Moebius or “vertical system,^* the Balbach-Thum or “flat cells'' 
being used to supplement the Mocbius-cell operation in treatment of the unparted 
anode remnants and bullion too base to be handled by the “vortical system." 

The cells used in the “vertical system" are of vitrified acidproof stoneware, either 
of earthenware or domestic porcelain, 44 to 48 in. long, 24 in. wide, and 18 to 24 in. 
deep. The electrode supports are either hard-rubber rods reinforced by a steel core, 
or close-grained maple sticks, rounded on one si<le and painted with an acidproof 
paint. Half-round conducting strips of either gold or silver cover the top sides of 
th(^ (‘loctrode supports and an^ fastened to bus bars placed along the edge of the cells. 
I'he distance between eh'ctrodes varies from 2 I 2 to 3 in. The anodes are cast with a 
hole in the top and are suspended in muslin bags from the conducting supports by 
C-shap(id hooks of gold. The cathodes are strips of silver rolled out to a thickness 
of H 6 hi. and bent over at on(' end to hang from the supports. 

The electrolyte is a 3 p(^r cent solution of silver nitrate containing about 2 per cent 
of free nitric acid. It is kept uniform either by circulation effected by air lifts of hard 
rubber, forcing the solution from the bottom of the cell and discharging at the surface, 
or by gentle agitation furnished by glass propellers connected to a motor-driven line 
shaft. 

'rhe first step in the operation is the preparation of the bullion for refining, the 
making of anodes for t he refining cells. Whili^ the process allows (considerable latitude 
in the amount of gold in tluc anode, it is (customary in practice, in order to se^'ure more 
uniform conditions in the c(*lls, to make up anod(cs having a definite ratio of gold to 
silver. The usual mak(‘-up is an alloy containing 300 to 350 parts of gold per 1000 
with not over 100 to 150 parts of base produced by blending low-grado gold bullion, 
which cannot be handled dir(*ctly by the Wohlwill process, with bullion in which the 
silver predominates. These silver anode melts of 4500 to 4800 troy oz. are melted in 
No. 100 graphite crucililos and cast into anodes of the desired shape and size. A 
tapering pin in the mold providers the hole in the anode used for suspension in 
thi? cell. 

A current density of about 14 amp. per sq. ft. of cathode is maintained, using a 
voltage of 1 to 1.3. Under current action, the silver and I>ase metals are dissolved 
at the a.iode, the gold and insoluble residu(is remaining in the muslin bag in a brittle 
brownish-black condition resembling a poor grade of lignite. This “black gold," as 
it is called, retains the original shape of Ihe anode, and when removed from the cells 
it is broken up to remove “(*ores" of imparted bullion which it sometimes contains. 
After a thorough washing with hot wat(^r, the bla(!k gold is dried and melted into 
anodes for tnmtment by the Wohlwill pro(*ess. The fimuicss of these anodes depends 
not only on the quality of silver anodes from which obtained, but also on the current 
density used in the parting operation and the condition of the electrolyte. The fine- 
ness ranges from 800 to 900 parts of gold ivith 50 to 100 parts of silver. 

Pure silver is deposited on the cathodes in a crystalline form; this is scraped 
from the cathodes at intervals into porcelain jars. Crystals that fall to the bottom 
of the refining cells are periodically removed and added to the cathode production. 
The collected silver is thoroughly washed with hot water, in either porcelain filters or 
earthenware centrifugal machines. In the latter case, the silver is placed in an 
earthenware basket or rotor, lined with 7-oz. cotton duck, provided with a series of 
channels at its periphery for carrying off the wash water. This basket makes 800 
r.p.m., and washing is effected very rapidly. After washing, the centrifugal is oper- 
ated for a time, drying the silver sufficiently to be removed and charged into the 
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crucible for melting. If washing is done in an ordinary filter, provision is sometimes 
made for drying the silver crystals in a steam drying oven. The silver is melted in 
No. 100 to 125 graphite crucibles in nudts of 5000 to 5500 troy oz. without the use of 
fluxes, and cast into bars having an average fineness of 999.5. A cast-iron cover, 
placed over the mold after pouring, prevents “spitting” of the silver in cooling. 

There is a gradual depletion of silver and acid in the electrolyte as the base metals 
pass into solution at the anode, and this must be taken care of by additions of strong 
silver nitrate and nitric acid. The electrolyte is tested at intervals to determine the 
extent of this depletion. Titrations are made with potassium thiocyanate, using 
ferric sulphate as an indicator for silver determinations, the acid being determined by 
potassium hydroxide, with methyl orange as an indicator. 

The “flat cells” of the Balbach-Thum process, used to work up the cores or 
unparted remnants of the bullion from the vertical cells, are of brown earthenwarel 
39 in. long, 19 in. wide, and 12 in. deep. The tray or basket, in which is placed thA 
unrefined bullion, is either of earthenware or of wood. If wooden baskets are used,\ 
no metal should be used in their construction. Several thicknesses of filter cloth are \ 
needed in the basket, as the parting is attended with considerable heat. Connection 
is made to the anode by a candle made up of a 50 per cent gold and 50 per cent silver 
alloy, which easily withstands the action of the current, and to the carbon plates or 
cathodes by long candles of fine silver. Copper lugs are fastened to the tops of these 
candles for connection with the conducting cables. I'he distarn^e between electrodes 
is about 6 in., and the depositing surface is 5 sep ft. The resistamu’ of this cell is high, 
requiring a potential of 5 volts to maintain a current d(*nsity of 14 amp. per sq. ft. 
No agitation or circulation of the electrolyte is ne<;ded. 

The operation of these cells is similar to that in the vertical cells. The silver is 
removed by long-handl(!d scoops of rubber or wood and added to the production of the 
other process, and the “black gold” from the baskets is washed and melted into 
anodes for the gold cells. Three or four of these cells will take care of the cores from 
16 vertical cells. 

The electrolyte becomes foul in time and is drawn off, and the silver in this solution, 
together with the wash waters from the fine silver and black gold, is recovered by 
precipitation on copper scrap as cement silver. This recovered silver may b(i used in 
the making of strong silver nitrate for additions to the rcifining cells or in the make-up 
of silver anodes. 

A flow sheet of the silver-refining process (Diagram 1) outlines the general 
procedure in the government refineries. 

Wohlwill Process of Gold Refining. — The cells are of white Royal Berlin porcelain, 
i6 in. long by IIJ 2 wide by 12 in. deep, inside, usually arranged in batteries of 
12 to 15 cells connected in series. One plant is succ(\ssfully using cells of domestic 
porcelain 44 in. long, 24 in. wide, and 18 in. deep. Pdt^ctrodc supports are of porce- 
lain or hard-rubber, steel-reinforced rods, or, where the larger cells are used, maple 
sticks painted with acidproof preparation are used. As in tlie. silver system, these 
supports are covered with strips of gold for conducting the current. The anodes are 
cast with a hole in the top and suspended from the anode supports by C-shaped gold 
hangers or hooks. They are cast in a shape to minimize the amount of scrap to be 
re-treated, as shown in Fig. 3. 

While anode C seems to offer the smallest percentage of scrap for remclting, a 
larger percentage of the anodes were broken when casting, as the metal is often quite 
brittle. At best, about 10 per cent of the nietal treated in the cells is returned for 
remelting in the form of anode tops. The tapering of the anode in its thickness 
permits of more uniform corrosion in the cell, the strongest action being at the solution 
line. 
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The cathodes are strips of fine gold rolled out to a thickness of 0.01 in. and cut to 
proper length. One end is turned over to permit of hanging from the cathode support. 
These starting sheets are annealed to prevent warping or buckling in the cell, care 
being used not to soften the turnover which supports the weight of the deposited gold. 

The electrolyte is a solution of gold chloride containing 50 to 60 g. to the liter of 
gold, with 5 to 7 per cent of free hydrochloric acid. It is kept uniform in the same 
manner as the silver cells, by circulation, by using an air pump, or by agitation fur- 
nished by glass propellers. 

The current used is a pulsating or nonsyrnmetrical alternating one, obtained by 
connecting a direct-current generator in scries with an alternating-current source, 
which source may be either an alternating-cnirrent gent;rator of proper voltage, or a 
high-voltage source stepped down by use of an induction regulator. The refining 
can be done by direct current alone, but the pulsating current makes possible the 



refining of gold bullion containing a higher percentage of silver at higher current den- 
sities and with less free acid. This current, its application and advantages, are 
described by the inventor. Dr. Emil Wohlwill.^ The electrodes do not change polarity 
unless the alternating current is greater than \/l 5 times the direct current (Z, 
Electrochem.j Vol. 49, p. 471, 1943). 

In each cell there are three anode and four cathode supports. Three cathodes are 
suspended from each support, giving a total depositing surface of 2.8 sq. ft. per cell. 
The depositing surface in the large cells mentioned is 10 sq. ft. The current density 
used is 50 to 70 amp. per sq. ft. of cathode siirface at 0.8 to 1.1 volts per cell, and the 
ratio of alternating to direct curnmt is determined by the silver content of the anode. 

Under current action, the anodes that contain 8 to 10 per cent of silver are dis- 
solved, the gold as well as the platinum metals together with the base passing into 
solution, while the silver is changed to insoluble chloride and falls to the bottom of 
the cells. Osmiridiiuti crystals in the anode are not affected by the current and fall 
with the silver chloride. An excess of silver in the anodes forms a coating of chloride, 

' JU'ei. Chem, Eng., Vol. 8, February, 1910. 
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which protects them from further action, thus rendering them practically insoluhlc, 
and an evolution of chlorine resulta 

The gold deposited at the cathode is very hard and quite dense, and the starting 
sheet is melted with the deposited gold. The cathodes are removed after receiving 
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a deposit of 150 to 200 oz. of gold, washed in porcelain filters, dried, and melted 
without the use of fluxes in melts of 8000 to 9000 oz. and cast into bars having an 
average fineness of 999.5 to 999.8. Frequently, those melts will run to 999.9 in 
flneness. 
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Fig. 4. — Motor-driven earthenware centrifugal for washing and drying slimes. 



Fia. 6. — Wohlwill cells. Anode shown on left, cathode on right, thin rolled gold strips 
in foreground for starting sheets. 
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As the base metals are dissolved at the anode, the gold content of the electrolyte 
drops and it is necessary to add strong gold chloride at intervals. A rapid and fairly 
accurate method of testing the electrolyte is to precipitat<i the gold in 1 cc. with an 
excess of ferrous ammonium sulphate, and to determine the excess used by titrating 
back with potassium permanganate. The ferrous solution is prepared by dissolving 
154 g. of the salt in 500 cc. of distilled water, adding 5 ce. of concentrated sulphuric 
acid and diluting to 1 1. ; 1 cc. of this solution will precipitate 25 mg. of gold. The 
permanganate solution is made up so that 1 cc. will equal 1 cc. of the ferrous solution 
by dissolving 12.3 g. of the salt in 1 1. of distilled water. 

In order to take care of the depletion of gold in the electrolyte, it is necessary to 
keep constantly on hand a stock of strong gold chloride. This chloride is made 
either by dissolving fine gold bars or granulations in acpia regia, or (^lectrolytically, by 
passing a current through an electrolyte of concentrated hydrochloric acid, using 
anodes of fine gold and fine gold cathodes suspended in a porous porcelain cell. The! 
porous cup prevents the deposition of the gold at the cathode, and th(i gold dissolved^ 
at the anode is retained in solution. In either method, the operation is carried on 
under a hood. The resultant gold chloride has a strength of 375 to 450 g. of gold per 
liter. 

About 5 per cent of the gold treated falls mechanically into the silver chloride 
slimes. The reduction of the silver chloride is effected by use of granulated zinc in 
porcelain tanks, suffici(‘nt acid being present to start the action. After reduction is 
complete, the slimes are thoroughly washed in a filter or centrifugal machine and 
melted directly into anodes for the silver-refining cells. 'I'hese slimes will average in 
fineness 250 to 500 parts gold, 30 to 40 parts base, balam^e silver, and in the melting, 
sufficient gold or silver bullion is added as rciquired to produce an alloy of the fineness 
requinid by the silver-r(*fining operations. 

The gold in the spent electrolyte and wash winters is recovered by precipitation 
with ferrous sulphate or by scrap copper. As gold so recovered is in a very fine state 
of division and difficult to melt and wash without loss, an ele(‘trolytic recovery is to 
be preferred. This is accomplished by the use of a double-compartment C(‘ll in which 
a small cell is placed in the center of a large cell. The inner cell is charged with con- 
centrated hydrochloric acid, while the foul electrolyte is placed in the outer c(41, and 
connection is made between the two solutions by a series of short glass siphons rest- 
ing on the edge of the inner cell. The air is exhausted from these siphons, and the 
solutions enter, thus permitting a flow of current through the electrolyte. Anodes 
of fine gold are suspended in the inner cell and gold strips in the outer cell. Under 
current action, gold chloride is formed in the inner compartment and the gold in the 
spent electrolyte is deposited on the cathodes. By regulation of the voltage, prac- 
tically all the gold in the foul electrolyte may be plated out and the gold so obtained 
forms parts of the regular production of the cells. One or two of these plating cells 
will handle all the foul electrolyte from 48 of the small refining ctdls and at the same 
time add considerably to the stock of strong gold chloride. _ 

As the government has no interest charges to consider on metal held in process, 
the noble metals are used for conductors, and the problem of securing good electrical 
contacts is in a measure eliminated. 

A flow sheet (Diagram 2) shows the procedure in gold-refining operations. 

All the foul solution from which the silver and gold have been recovered is uprnped 
into large wooden tanks containing scrap iron, in which the copper is recovered as 
cement copper, and any gold, silver, or platinum metals that have escaped the pre- 
vious operations are recovered. To recover the values in this cement copper, a small 
electrolytic cx)pper plant is operated, producing pure copper and a sludge containing 
the precious metals. ITiis sludge is a veritable dragnet of impurities, containing 
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besides Au, Ag, and Pt, the base metals Cu, As, Sb, Pb, Bi, etc. This is usually 
handled in small amounts in silver-anode melts and the precious metals recovered from 
the regular process. 

Platinum Metals Recovery. — The procedure for the recovery of the platinum 
metals in the government refineries is as follows: 

The foul electrolyte from the gold-refining cells is allowed to cool, thereby per- 
mitting the salts of silver and lead to settle. The clear solution is siphoned off, 
ammonium chloride is added with thorough stirring, and the yellow ammonium 
chloroplatinate is precipitated. After the platinum salt has settled, the solution is 
transferred to a stoneware tank for the recovery of palladium. 

This solution is electrolyzed, using an insoluble carbon anode and a refined gold 
sheet as the cathode. Tinder current action, chlorine is evolved at the anode and a 
flesh-colored salt of palladium is formed which settles to the bottom of the cell while 
the gold is deposited in a pure state at the cathode. The current during this operation 
is gradually reduced as tlie gold in solution beconn^s deplett‘d in order to keep the gold 
deposit hard and prevent contamination of the palladium salt. The range of currimt 
density is 20 amp. to 2 amp. i)er sq. ft. of cathode surface. The electrodes are spaced 
2 t '2 to 4 in. apart. The d(iposited gold is add(id to the gold-cell production, while the 
gold remaining in the electrolyte is recovered by cementation on copper slabs. The 
remaining solution finds its way to wooden tanks where copper and traces of 
the precious metals are recov<;red by cementation on scrap iron. 

The platinum and palladium salts are washed with a cold saturated solution of 
ammonium chloride and drii^d. Th(5 palladium is very soluble, and gn^at care, should 
be (‘xercised in the washing; the ammonium chloride should be freshly chlorinated, 
and only the bulk of the gold and copper chloride should be removed. 

Iridium is recovered from the* iron skimmed from certain melts. These skiminings 
are granulated and dissolved in hydrochloric acid to remove the iron. Further treat- 
ment of the residues is neiiossary depending on the metals present before using the 
usual peroxide fusion for recov(‘ry of the iridium. Crystals of osmiridium may be 
rec.overed directly in the gold-refining cells. 

Platinum Metals Refining. — Practically all the refining and melting of the platinum 
metals is performed at the United States Assay Office in New York. 

The usual procedure in refining crude platinum sponge is to redissolve in aqua 
regia, evaporate the solution to dryness to expel the nitric acid, dissolve the residue 
in water, and reprecipitatc the platinum with ammonium chloride. In large-scale 
operations, this is a long and tedious process, so the government refintiries have 
developed an eh'ctrolytic method to effect a solution of the crinle sponge. 

The crude sponge is placed in perforated stoneware cells or baskets that are sus- 
pended from the electrode support in an electrolyte of hydrochloric acid, contact 
being made by a heavy platinum strip fastened to the bus bar and penetrating the 
sponge. The cathodes are thin platinum sheets suspended from heavy platinum-wire 
conductors in porous cells of the same size and shape as the perforated anode basket. 
The electrolytic action dissolves the sponge at the anode, while the porous cup prevents 
the deposition of tin* dissolved platinum at the cathode*. An alternate scheme, which 
also gives satisfactory results, is one in which a platinum sheet is placed on the bottom 
of the electrolytic cell, the crude sponge is placed on this sheet as the anode, and the 
porous cups in which are the platinum strips are placed at the ends of the cell. Air 
is used for agitation of the electrolyte. This solution from the crude sponge is 
evaporated on steam coils to remove excess acid, and filtered and ferrous sulphate is 
added to remove the gold. The solution is carefully filtered again and the platinum 
again precipitated with ammonium chloride. This precipitate should be freed from 
the filtrate as soon as possible and washed until free of iron. The platinum salt is 
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dried and reduced to sponge by gentle heating in a clay crucible. The refining is 
carried on in batches of 1000 to 2000 troy oz., and the crude sponge can be raised from 
80 per cent to 99H per cent in one treatment as outlined. 

The crude red salt of palladium, after washing, is treated with ammonium hydrox- 
ide until no more is dissolved, and after filtering, the yellow dichlorodiamine palladium 
is precipitated by cautiously adding hydrochloric acid until no more of the yellow 
salt forms. During this precipitation, great care must be exercised to prevent over- 
heating, and an excess of acid should be avoided. This yellow salt is drained, washed, 
and redissolved with ammonium hydroxide and again precipitated with hydrochloric 
acid. It is then carefully washed on a filter, dried, and sponged in clay crucibles. 
This sponge is ground and rcduc(»d by soaking in alcohol and bringing to a red heat 
in a carbon or graphite crucible fitted wit h a tight cover. This sponge must be allowed| 
to cool in the crucible. Palladium having a purity of 99 to 99.75 per cent results, j 

An Ajax-Northrop induction furnace is used in the melting of the platinum andi 
palladium sponge, using a specially designed zirconium-oxide crucible. Due to the' 
high temperature and the thorough mixing action afforded by the induction furnace, 
the metal is considerably better for spinning than when undtcul by the torch nmthod. 

An excellent treatise on the purification of the platinum metals is furnished by 
Edward Wichers, Rahdgh Gilchrist, and William Swanger.^ Further notes on the 
treatment of the platinum metals will be found in the last chapter, Minor and Rare 
Metals. 

1 AJ.MM.E, Tech. Bull. No. 87, March, 1028. 



CHAPTER XI 

HYDROMETALLURGY OF GOLD AND SILVERS 

Occurrence of Gold. — Native gold is invariably alloyed with more or less silver, 
but it is exceptional to find any other metal in the alloy. It is found in veins associated 
with quartz and various sulphides — notably pyrite, pyrrhotitci, gah^na, ehalcopyrite, 
arsenopyrite, less eonimonly blende; sometimes with carbonates, especially ankerite; 
and small proportions of telliirid(‘s of lead and bismuth. Sometimes the metal is 
finely disseminated through such sulphides, sometimes depositc'd on the surface of the 
mineral particles in fairly large grains. One particular sulphide, e.g.^ ehalcopyrite, 
may monopolize the gold. In the oxidized portions of veins the gold is often associated 
with limonit(i, and gold-bearing quartz often contains small proportions of copper 
carbonates and manganese oxides. Elcctrum, containing 35 per cent or more silver, 
is found only in the vicinity of silver mines. When gold is found apparently dis- 
seminated in igneous or metamorphic rocks, nunutc^ veinlets of quartz or carbonate 
usually accompany it. 

Gold 1ellurid(‘, usually containing silver and soTuetimes mercury telluride, occurs 
in veins of quartz and (carbonate; when oxidized, the resulting native gold is often 
extremely p\ire and finely dividend and may be coated with tellurous oxide (mustard 
gold). 

I'he gold of placers or creek and river gravels is found occasionally in nuggets of 
large size, but more commonly in small grains, often water-worn; in some deposits a 
consid(‘rabl(‘ proportion of the, grains pass a 200-mesh sieve. The silver (content aver- 
ages l(\ss than in v<iin gold, and it is, as a rule, easy to amalgamate, 'i'hat from 
buried river grav(‘ls is similar, l)ut oftem coated with oxide or sulphide of iron. The 
gold of sea beacdies is usually finely divided or in thin scales. 

For metallurgical p\irposes gold has been roughly classified as “free'^ or amal- 
gamable and “refractory”; “float gold” is fine and in a condition making it easily 
floatable on wat(T — ^the^ telluride is also easily floated — “rusty gold” is coated with 
some mineral that retards amalgamation (usually oxide of iron, manganese, or tel- 
lurium) ; “encased gold” is (^ompl(ddy enveloped in grains of quartz or other mineral 
and requires finer crushing to liberate it. 

Among the min(‘rals sometimes mistaken for gold may be mentioned pyrite and 
rnarcasite, and especially (dialcopyrite. Grains of the latter, in polished faces of ore, 
often closely resemble gold in color and luster. Thin flakes of biotite and other micas, 
especially when partly oxidized, and other micaceous minerals, such as hematite and 
limonite, may also imitate it closely. 

In panning or concentrating, many people have been misled by heavy lead minerals 
of a yellow color, Hu<th as the molybdate, chromate, tungstate, and even the phosphate, 
but these are distinguishable under a lens or low-power microscope by their brittleness 
and transparency. Some of the numerous basic sulphates of iron are at times difficult 
to distinguish from gold when exposed on freshly fractured vein stuff. Particles of 
natural or artificial litharge, brass, or “spelter solder,” and even superficially oxidized 
lead alloys, sometimes boar an astonishing resemblance to gold. These, and specks 
of nativ(‘ (topper or (topper from blasting caps, may find their way into mine samples 
or drillings and be found in panning. 

' A revision by the editor, in 1944, of the chapter contributed to the first edition by W, J. Sbarwood, 
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On the other hand, mustard gold, resulting from oxidation of telluride, may have a 
distinctly earthy luster, and gold of low fineness may be easily overlooked. 

Native silver and the chloride characterize the oxidized zone of most deposits. 
Native silver, usually nearly pure, occurs in very fine parti(;les, threads, etc., and some- 
times in masses which may reach several thousand pounds weight. In the Michigan 
copper mines, pure silver and pure copper occur attached and intergrown. Some 
native silver contains a little mercury. Coarse lumps an; best hand picked, but the 
smaller are concentrated, or amalgamated, and the fines cyanided. 

The chloride (Ag(l) is readily reduced to metal by contact with metallic Fe, Zn, 
Al, or even Cu in contact with an electrolyte, and is then easily amalgamated by mer- 
cury. Alkaline cyanide, or thiosulphate solution, dissolves it readily, and also silver 
bromide and iodide, which often accompany it; strong solutions of chlorides have lesj^ 
solvent action. I 

The sulphide (Ag2S) dissolves in strong cyanide solution, but not in chlorides oi 
thiosulphates. It is slowly amalgamated by mercury when in contact with an elec4 
trolyte, and the action is facilitated by thiosulphates and copper salts, especially! 
in the presence of metallic iron, etc. When roasted it yields Ag2804, which is some- \ 
what soluble in water. \ 

The numerous complex sulphur-arsenic and sulphur-antimony compounds of 
silver are not so readily amalgamated unless roasted; they are decomposed by grinding 
with metallic aluminum and sodium hydroxide or carbonate. 

Galena often contains silver in the form of sulphide*; and the selenidc* (Ag28e) 
and occasionally the telluride (Ag2Te) occur in small amounts in some gold and silver 
ores, and apparently in some copper deposits. 

Gold and Silver Alloys. — Pure gold is distinctly sofi<;r than silver; either is hard- 
ened by the addition of a small proportion of the other, or of coppi'r or other base 
metal. In gold-silver alloys the maximum hardness occurs with about ouMhird 
silver. Small additions of silver reduce the gold color materially, but affect the melt- 
ing point very little up to about one-third silver. 3^]lectrum is gold, especially the 
native metal, containing 15 to 45 per cent silver, rendering it pale. Green gold is a 
similar alloy containing about 10 per cent silver. The rod-gold alloys contain copper. 

Jewelers' gold usually ranges from 18 (Au 750) to 10 k. (Au 416) and frequ(‘ntly 
contains both copper and silver as alloy. The lower grades often (contain some zinc, 
which helps to counteract the redness due to copper. Tlu'y are sometimes made by 
alloying brass with gold, but extreme care is necessary to avoid (;ertain impurities in 
the brass or copper used, especially lead or arsenic, which cause brittlem^ss. British 
gold coin is 22 k. (Au 916.G), but alloys as low as 9 k. (Au 375) are recognized and 
hallmarked in England. 

The proportions of copper and silver are determined by the color of the gold desired. 
Thus in 18-carat gold, IOJ2 per cent Ag and 14,^2 P^r cent Gu givt^s a dark tone; while 
14^2 cent Ag and lOl ^ per cent Cu gives a light tone to the alloy. The composi- 
tions in the tables on page 291 are approximately correct. 

White gold is properly an alloy of gold with palladium ; if legitimately stamped 18k., 
it will contain 18 parts gold (Au 750) and the remaining 6 parts are palladium, with 
usually a little silver. This alloy has a pure-white color and a high melting point. 
Palau and rhotanium are similar. A cheap imitation is produced by melting gold 
with a nickel alloy. The mixture sold for producing “white gold" by adding it to fine 
gold is Cu, 55 per cent; Zn, 21 per cent; and Ni, 24 per cent. A similar mixture for 
producing “green gold" is merely brass: Cu, 67 per cent, and Zn, 33 per cent. 

For soldering gold there are many recipes, the aim being to produce an alloy con- 
siderably more fusible than that of which the object is made, but not differing much 
in color. Many of these soldering alloys contain a considerable proportion of zinc 
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with copper, silver, and gold; with copper, a considerable percentage of zinc does 
not cause brittleness, though the alloys are often extremely hard and difficult to 
roll. In recent formulas, cadmium is substituted for zinc. Such solders lose zinc (or 
cadmium) by volatilization when heated, becoming gradually less fusible. 


Carat 

Fineness 


Per cent 



Au 

Ag 

Cu 


24 

22 

1000 

916 

100 

91.66 

4.16 

4.16 

lilnglish standard 


900 

90 

5 

5 

Mc'.tric standard 

20 

833 

83.3 

8.3 

8.3 


18 

750 

75 

10.4 

14.6 

Dark 

18 

750 

75 j 

14.6 

10 4 

Light 

14 

583 

58.3 ! 

25.0 

16.6 

14 

583 

58.33 

4.16 

37.5 


10 

416 

41 6 

16.6 

41.6 




62.5 

22.5 

13.0 

Solder 



54.5 

31.75 

13.75 

Solder 


Th(* silvcT alloys arc* us('d for coinage, plate, sold(‘rs, etc. 



Ag 

Vr c(*n1 

(\i 

Zn 


Sterling silver 

92.5 

7.5 



Rupee silver 

91 6 

8.3 



Standard silver 

90.0 

10.0 



Solder: 





Hard 

SO.O 

13,2 

6.8 


Medium 

75 1 

20 

5.0 


Pure silver 

72 i 

28 


Melting point 778®C. 

Plate 

64.5 

22.5 

13.0 


C/hain 

62 5 

31.25 

6.25 


Quick 

57 

27.5 

11.5 

Sn 4 per cent. For resoldering 

Bureau of Standards . 

40 

14 

6 

Sn 40 per cent. Melting point 400°C. 


Aluminum forms a number of alloys with gold; one of these (AuAU, 22 per cent Al) 
has a remarkable purple color. The so-called aluminum gold is an alloy of copper 
with about 25 per cent Al, very slightly attacked by nitric acid, and closely resembling 
gold in color, but of low specific gravity. 

Pure silver when melted absorbs oxygen from the air (up to twenty-two times 
it own volume) unless air is displaced by some other gas or the fused metal covered 
with borax, salt, or charcoal. On cooling to near solidification this oxygen is given off 
suddenly, the surface of metal sprouting or spitting. Small proportions of foreign 
metals usually prevent this. The oxygen is probably retaitied by fused metal as a 
suboxide, like that held by copper after solidification. Gold does not absorb oxygen. 

When gold or silver containing a small percentage of lead is heated, or is kept 
just below solidifying point, a eutectic rich in lead exudes or liquates out; this often 
oxidizes, producing a peculiar ‘^vegetation’* on the surface. This is due to formation 
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of PbO mixed with minute globules of gold (or silver). In extreme cases the entire 
alloy may form a soft cauliflower-like mass. 

The small proportion of silver alloyed with native gold and mill bullion is of some 
economic importance, usually more than covering cost of marketing refined bars. 
Assuming silver at 50 cents per oz., the per cent of gross value due to silver is as 
follows: 


Ratio 

Percentage, 
silver valu(^ 

Gold 

Silver 

900 

100 

0 16 

800 

200 

0.32 

700 

300 

0 60 

600 

400 

0 95 

500 

500 

1 43 


With silver at II per oz., these figures would be nearly doubh'd, and for other 
values nearly proportional. 

A minute proportion of lead — less than 1 part in 1000 — makes gold brittle, espe- 
cially when hot. This seems to be due to a highly fusil)le eutectic, which can b(> seen 
between the crystals of pure metal in a pidished and etched s(‘cfion. Similar effects 
are produced by Bi, Te, Sn, Sb, As; while* Zii and Cd in fair proportions yield Jess 
brittle alloys. Annealing removes britthuu'ss due to traces of Pb, not that due to 
Bi or Te. vSilver is similarly affected by most of these (‘lenients. 

Tellurium rend(Ts gold extremely fusible; on heating in air the tellurium is slowly 
volatilized or oxidized, leaving bright globules of gold still ndaining sorm* tellurium. 

Gold combines or alloys readily with tellurium, and with fu.sible nx'tals generally, 
forming fusible alloys; it is not attacked by the vapor of selenium or sulphur. Silver 
is at once attacked when heate<l in the vapor of S, Sc, or Te, forming Ag^S, Ag 2 Se, 
or AgaTe; like gold it alloys r(*adily with fusible metals. 

Gold resists all single a(*ids, but is readily attacked by aqua regia; the most effective 
proportions are 1 part nitric to about 4 parts strong hydrochloric acid; any mix- 
ture of hydrochloric acid with a nitrate, nitric acid with a solu])le chloride, or sulphuric 
acid with a nitrate and a chloride similarly attack it. It is very slowdy act(‘d upon by 
hot solution of ferric chloride. Moist chlorine gas converts gold into AuGI.-,. Silver 
combines superficially with (U, the AgCl then protecting the metal unless removed 
by some solvent. For this reason Au-Ag alloys are not dissolved completely by aqua 
regia unless the AgCl is removed from time to time from the surface by scouring or by 
some solvent, such as ammonia, cyanide, or hyposulphite. 

Gold-chloride solutions (AuC^a, HAuC’U, NaAuC’U, and otlier chloraurates) are 
reduced t/O metal if evaporat(*.d and gently luiatt^d, and are also reduced to metal by 
nearly all reducing agents such as ba^se metals generally, SO 2 and salts of Fe" and Sn'^. 
Silver is readily dissolved by nitric or hot sulphuric acid, NO or SO 2 being evolved, 
but resists most others. Silver nitrate, sulphate, and chloride arc not readily decom- 
posed but may be heated without decomposition; they are easily redu(^ed to metal by 
contact with base metals, Zn, Fe, (hi, etc. 

Partilig. — The cupellation of lead removes it as oxide, together wdth other base 
metals, leaving gold and silver. Silver-bearing lead may be (uiriched by the Pattinson 
process, in which crystals of pure lead are removed, leaving the more fusible eutectic, 
the process being carried on in stages and the enriched lead finally cupeled Silver 
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and gold may be more readily removed from lead by the Parkes process, in which a 
small percentage of zinc is added which, on cooling, crystallizes and rises (zinc being 
insoluble in solid lead), carrying up the precious metals as a crust, which is removed 
and refined.^ 

Gold and silver are separated or parted by means of nitric acid, NO being given off 
and AgN O3 formed. This requires the ratio Ag : Au to bo at least 2:1, though 3 : 1 was 
formerly prciferred. Hot sulphuric acid also dissolves silver away from gold if the 
proportion of silver is large enough, SO2 being evolved. Gold containing relatively 
little silver must have silver (or in some cases base metal may be used) added to 
reduce the gold to such a proportion that it will not protect the silver from attack. 

It is preferable to use the Wohlwill process, electrolyzing the gold in a solution of 
HAuCU “h HGl, with gold cathodes, an alternating current b(dng sometimes super- 
posed upon the high-density direct current used. Silver remains insoluble as AgCl. 

Silver containing hut little gold is electrolyzed in a slightly acid solution of silver 
nitrate, with a silver or carbon cathode, leaving gold insoluble; this is used in the 
Moebius and Balbacli-Thuin processes. 

The following tabulated data arc of value in connection with the refining 01 gold 
and silver: 



Gold 

Silver 

Copper 

Melting p<'int, flcgrcps cfmtigrade 

1063 

961 

1083 

Sof^cific cravitv 

19.3 

10.5 

8.95 

Specific volume (cubic c(»ntimetors per gram) 

Cubic inches for 1,000 troy oz. = 1,898/sp. gr. . . 
CJubic inches for 100 lb. avoir. = 2,770/sp. gr. . . 

0.0518 
98 3 
143.5 

0.0952 

180.8 

263.8 

0.1117 

212 

309.5 


In an alloy containing G per cent gold, C per cent Cu, and S per cent Ag, the 
specific gravity is very closely 

100 

0.05186 -1- 0.0952^S > 0.1117C 

C/Cmentation is an ancient method of freeing gold from silver and base metals. 
The metal was first granulated by pouring into water, or beaten into thin plates. It 
was then placed in crucibh^s with a large proportion of aluminous earth and heated; 
silver, etc., was slowly oxidized (or possibly converted into sulphate or sulphide) and 
absorbed. Most recipes, however, include common salt and burned clay or powdered 
brick, tile, etc. When heated in contact with these, silver chloride is formed, fused, 
and absorbed. Gold treated several times in this way (*‘ seven times tried in the fire 
was rendered nearly pure. 

Sulphur or pyritc w’as also used; heated in sulphur vapor, most of the silver and 
copper form Ag^S and (huS, which can be mechanically removed. 

In Gtm andFluss parting, an alloy, cont,aining at least 50 per cent gold, was heated 
in a crucible with 3 parts antimony sulphide, and poured into a mold; the gold, alloyed 
with antimony, etc., is found at the bottom and easily separated from the layer of 
^^plachmal” above it. This gold alloy was then fused with 2 parts antimony sul- 
phide, and the product again with 1 part. The process was repeated if necessary until 


See pp. 201 to 208. 
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enough silver had heen removed, when the gold was finally melted with borax and the 
alloyed antimony oxidized by a blast of air. 

In the sulphur-litharge process (Pfannenschmied) a granulated alloy, rich in silver, 
was heated with sulphur, yielding AgaS, in which gold is disseminated. To collect 
the gold, a small percentage of litharge was added, yielding a fusible l(^ad-silv(‘r 
alloy, which carried down most of the gold ; a second or third treatment removed prac- 
tically all the gold. Metallic iron was sometimes used instead of litharge to reduce a 
portion of the silver and collect the gold. Reduction of the remaining sulphide yielded 
a fairly pure silver. 

Gold bullion, rendered brittle by Te, Bi, Pb, etc., may be softened by throwing 
a little HgCU on the fused metal, also by adding solid AgCl or Ag 2 S 04 , by stirring 
with Cl gas or ai^air blast; stirring with NaIIS 04 , NaXO^, or Mn02 is also effectivq. 
More or less silver may be removed by these methods, especially by Cl 
XaHS04. 

Recovery of Gold and Silver. — All gold and silver ores yield a high percentage! 
of their precious metal when smelted with lead or (!opp(^r ores, and an almost com- 
plete saving of them is effec^ted in refining the l(»ad and copper recto vertKl. A large 
proportion of the silver of the world, and a considerable amount of tlu‘ gold, is tlms 
obtained as a virtual by-product from the smelting and rctfining of lead and copper 
ores, including some zinc-lead and zinc-copper orct. Some of this j)recious metal 
comes from concentrate', some from siliceous ore used as flux; comparatively little 
true gold or silver ore is directly sold for smelting. Snu'lting charges and dctductioUvS 
on the full weight of ore, with the cost of freight and loading, often make it advisable 
to adopt some method that may be far inferior metallurgically, as regards percentage 
recovery, but that puts the pre(*ious metal in a form in which it is more readily salable, 
such as bullion or rich precipitate. 

Outside of smelting and refining, th(‘ present-day metallurgy of gold and silver may 
be summarized under three heads: mechanical methods (concentration, flotation, and 
blanketing, etc.), amalgamation, and the cyanide process, (hlorination of gold and 
hyposulphite leaching of silver ores were practically superseded ))y cyaniding by the 
year 1900; chloride volatilization and other promising processes hav(‘ not yet assumed 
commercial importance. The products of concentration and flotation may bo either 
smelted with lead or copper ore, or may themselves be troat(‘(l ))y amalgamation or 
cyanidation. Each of the latter processes consists of five essential steps. 

Amalgamation : 

Comminution of ore. 

Bringing ore in contact with mercury (and with chemicals in the case of 
silver minerals). 

Separating amalgam. 

Retorting amalgam to remove and recover m(*rcury. _ 

Melting and refining the crude bullion from the retort. 

Cyanidation: 

Comminution of ore (often combined with auxiliary processes of amalgamation, 
concentration, or classification, neutralization, or washing out soluble salts). 

Dissolving gold and silver. 

Separation of solution from ore, and washing residue. 

Precipitating gold and silver from solution. 

Refining precipitate and melting bullion. 

The treatment of placer deposits is a special case of concentration, often combined 
with amalgamation. 
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Percentages Produced by Different Processes in the United States 
(Mineral Resources, U. S. Bureau of Mines Yearbook, 1940.) 

Gold Silver 


1930 1937| 1 938! 1 939! 1 940l 1 C36i 19371 19381 1939! 1940 


Placers , mainly dredging 

23 9 24 6j27.9 

28.6 

31.0 

0.2 

0.2 

0.2 

0.3 

Amalgamation 

27.1 25 . 3 I 23 .I 

21.1 

19.7 

0.7 

0.5 

0.4 

0.4 

("yanidation 

18 8|19.3l22.6 

22 3 

21.4 

4.1 

4.3 

7.0 

7.1 

Smelting ore and concentrate . . 

. 30.2l30.8i26.4 

28.6 

27 9;95.0 

95.0 

92.4 

92.2 


In South Africa about 65 per cent of the recovery is by ainalgarnation, 35 per cent by cyanida- 
tion; on the Mysoie Field, Iiiciia, neaily 90 per cent by amalgamation. 


Percentaoks by Weight from Various Sources in the United States 



Placers 

pry or 
sili- 
ceous 

ores 

Gold. 



1906... 

28.24 

63.17 

1907.... 

28.22 

62. 11 

1914.... 

25 30 

66.56 

1915.... 

22.66 

67.57 

1920.... 

25.3 

63.93 

1921... 

28.89 

66.02 

1940.... 

31.0 

55 5 

Silver: 



1906.... 

0.30 

29 27 

1907.... 

0.24 

36 27 

1914.... 

0.22 

39.95 

1915... 

0.21 

35 53 

1920.... 

0.13 

36.22 

1921.... 

0.18 

51.88 

1940.... 

0.28 

40.5 


C'op- 

p<*r 

ores 

Lead 

ores 

Zinc. 

ores 

-- 




5 77 

1.29 

0.02 

6.44 

2.56 

0.14 

6.00 

1.69 

0 04 

7.22 

1.78 

0.10 

7.18 

1.96 

0.15 

2.25 

2 64 

0.003 

11 2 

0.36 

0.003 

27.69 

26 72 1 

0.17 

26 58 

32.99 

0.18 

21.30 1 

27 72 ! 

0.21 

25 96 j 

27.40 

1.a57 

21.49 

30.19 

2,23 

10.36 

32.30 

0.01 

29.0 

4.4 

0,03 


Copper- 
lead and 
copper- 
zinc ore 

Lead- 

zinc 

ores 

Total 

ounces 

1.26 

0.25 

4,703,000 

0.05 

0.48 

4,227,500 

0.01 

0.40 

4,418,000 

0.05 

0.62 

4,754,500 

0 16 i 

1.32 

2,383,000 

0 007 

0.19 

2,345,000 

2. 

00 

4,869,949 

11.88 

3 97 

57,362,450 

0 93 

2.81 

52,497,060 

0.36 

10.24 

69,623,200 

0.33 

9.00 

72,353,700 

1.18 

8.56 

56,536,900 

0.97 

4 30 

46,171,300 

24.2 

70,549,362 


Tlio commercial ratio between the values per ounce of gold and silver was about 
15 to 16 from 1800 to 1873; since 1873, the annual average has ranged from 18 to 
nearly 40. One of the largest producers turns out about a ton of silver per day; one 
of the largest gold mines has for years yielded a ton of fine gold per month ; the value 
of the silver is much less than that of the gold. 

To generalize roughly, a gold deposit, under extremely favorable conditions, may 
be profitably dredged when containing only 1 part in 10 millions, or 11 cents per ton; 
1 part in a million assures a reasonable profit in a placer. A gold ore containing 10 
parts p(T million ($11 per ton), while of low grade, is assuredly profitable if not too 
small or unfavorably situated; and half or even one-third of this value may be payable 
if very large and otherwise advantageously situates!. Silver ores begin to be of com- 
ujcrcial importance when containing about 100 parts per million, or 3 oz. per ton. 
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When associated with commercial ores of copper and lead, they are extractable at 
negligible cost and in such cases smelters usually pay for over 0.025 oz. Au or 1 oz. Ag. 

World Production of Gold and Silver, 1939 


Reported by U S. Bureau of Mines and Director of the Mint 


Source 

Gold, oz. 

Silver, oz. 

States 

' 5,559,139 

5,114,692 
1,017,623 

57,808,000 

24,584,689 

80,668,824 

'Jfl.nada and Newfoundland 

dexico and Central America 

'4orth America 

11,691,454 

1,775,661 

5,644,143 

2,657,687 

15,510,377 

2,210,346 

163,061,5l| 
31,551,087 
21,861,87(1 
22,386,9961 
4,618,2091 
14,621,894 \ 

k)uth America 

Europe 

Isia 

Africa 

)ceania 

Total 

39,489,668 

258,101,269 \ 

Total United States production 1792-1940 

262,487,295 

3,650,909,393 


Gold in Sea Water. — (Jold and silvcT have long bei‘n known to (‘xist in the wat(^rs 
of the oc(?an, and occ^asional projects are brought forward to nn-over the gold. The 
statement of Honstadt that the gold in sea w’ater is “l(‘ss than 1 grain per ton'* is 
often interpreted as meaning at l(*ast 1 gr. The actual average is probably less than 
3^0 grain or Ho c<‘nt per ton, and entin'ly below the pr(‘s(‘nt economic limit for 
extraction. Even at this low estimate, the aggregate amount in tin; ocean (esti- 
mating the ocean at about 320,000,000 cii. mil(«, oa(;h of 4,600,000,000 tons of water) 
is enormous. 


Metallurgical Systems 

Most of the modern metallurgical .schemes for gold and silver ores are covered 
by the following outline; 

1. Preliminary breaking by crushers of jaw or gyratory type. 

2. Crushing; 

Dry: 

By rolls or disks (with or without screens to return oversize). 


Wet: 

Stamps alone. 

Stamps followed by \ 

Ball mills or rod) , „ , , 

mills I pebble mills. 

Heavy stamps w ith 1 Chileans, ball mills, 1 
coarse screens / or rod mills / j 


The rotary mills are generally run in closed circuit with classifiers. 

Dry crushing: 

P’ollowed by cyaniding (with or without preliminary water or alkaline wash) 
Wet crushing: 

In water (with or without amal- Draining or] 

gamation or concen- dewatering > Cyaniding. 
t rat ion) / 

In cyanide solution with or without amalgamation or concentration. 
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With special reagents followed by cyaniding (such reagents as HjSOi, SO*, or 
aeration in presence of lime). 

3. Treatment of crushed product; 

Straight cyanidation (with or without prior amalgamation), and either without 
roasting or after roasting to destroy carbonaceous matter or sulphur compounds. 
Concentration (with or without amalgamation) by tables, vanners, corduroy 
blankets, canvas, or flotation. 

Concentrate: 

Smelted, or sold to smelter. 

Cyanided (intensively), raw or after roasting. 

Amalgamated, then cyanided. 

Tailing: 

Discarded, if crushed in water and low grade. 

Cyanided. 

In case of cyanidation of original product or of tailing there is: 

Classification into sand and slime (with or without partial regrinding). 

Sand; 

Leached wdth cyanide solution. 

Slime: 

Discarded, if crushed in wat(^r and low grade. 

C. Cyanided, by agitation or in filter press. 

All-sliming: 

Cyanided, by agitation or in filter press. 

4. Separation of cyanide solution from ore or tailing: 

Filtration: 

Gravity (sometimes aided by vacuum) for coarser leached products. 

Vacuum or pn^ssure (in basket filters for fine products, intermittent). 

Vacuum with rotary filters (continuous) sometimes in series. 

Pressure in filter presses (mt(irmittcnt). 

Decantation: 

Intermittent, after settling. 

Continuous, with intermittent or continuous final filtration. 

Continuous countercurrent, with thickeners in series, with or without final 
filtration. 

5. Precipitation of gold and silver from cyanide solution (preferably deaerated by 
vacuum treatment, and clarified if necessary): 

Zinc shaving in boxes with compartments for upward flow. 

Zinc, dust in filter presses. 

Aluminum dust in filter presses. 

6. Refining precipitate: 

Preliminary acid treatnumt for removal of zinc, etc. (often omitted), or calcination. 
Direct fusion with fluxes in crucibles or on hearth. 

Lead refining: briquetting or mixing with a litharge-borax flux, fusing on rever- 
beratory hearth or in blast furnace, followed by cupcllation of rich-lead bullion. 
Treatment of by-products usually necessary. 

Generally, removal of free gold at an early stage of treatment tends to minimize 
the dissolved gold discharged with residue or tailing. On the other hand, in ^^all- 
sliming the cyanide process is simplified by omitting amalgamation. If coarse 
gold is not amalgamated, it must be removed by mechanical methods or ground sufii- 
ciently fine to ensure rapid dissolution. Some Canadian plants are giving a bulk 
flotation to the cyanide tailings in a circuit rendered somewhat acid with SO 2 . The 
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concentrate is roasted to produce further SO 2 , and then cyanided. The process is 
said to yield a profit on a 30 cent tailing. 1 

MECHANICAL TREATMENT* 

Mechanical Separation 

Alluvial Concentration. — In handling alluvial material the main problem is to 
get rid, at the first opportunity, of most of the boulders and coarse gravel, without 
losing any of the gold originally adhering to them, and to disintegrate rapidly and 
completely any lumps of sticky clay that would carry fine gold further down the 
sluices or even into the taihng. It is not generally desirable to crush any of the 
pebbles. j 

In hydraulic work the coarse gravel running down the sluices does much of the work 
of disintegration, and the coarser portion is removed when desired by means of “under- 
currents** or grizzlies of steep grade, which allow the finer material to pass through and 
conduct it to boxes or tables where conditions am more favorable for settling. After 
passing over the grizzly, the coarse gravel may be discarded or returned to the madn 
stream. \ 

A revolving trommel with lifters, and furnished with ample water sprays, is an 
ideal device for performing these operations on a large scale, and is now standard 
practice for dredges, the pebbles acting as disintegrators. By graduating the diame- 
ters of the holes to suit the material handled, a comparatively uniform discharge may 
be obtained throughout the length of a trommel, but by far the largc'st pari of the gold 
passes the holes near the inlet end. Shaking screens have been used but consume 
too much power. One of the older “cement mills** for hard gravel was virtually a 
large trommel built of railroad or T iron. Another cement gravel mill is a pan with a 
stout vertical shaft carrying agitating arnis, and fed w ith water, accumulated coarse 
rock being discharged at intervals by opening a door in th(* side or bottom. 

In small operations, the same results are achieved by using a rocker w ith punched 
screen, fed a few pounds at a time; or by shoveling into a sluice box, at tlu^ lujad of 
which is a screen or set of bars, over which the material may be manipulat'd by a sluice 
fork or shovel. 

The length of wooden sluice boxes is standardized at 12 ft., and a grade of 6 in. 
means 6 in. per box, or about 4 per cent, the width varying with the load. For small, 
semiportable boxes, the upper end of the bottom is sawed 2 or 3 in. wid('r than the 
lower end, so that they fit closely one in the oth()r. 

In large hydraulic work, boulders of several tons weight may enter the sluices and 
must either be carried through 01 blasted or lifted out; such sluices require stout 
linings of wood or steel. 

Various t>pes of riffle material have been used: cross-grain pine blocks, roughly 
squared, or flat-lying blocks up to 4 X 6 in., either form being soparatcHl by small 
strips of wood or bits of rock; boulders or roughly squared Tocks; peeled pine poles; 
planks mortised or bored, or iron blocks cast with channels or pockets, and railroad 
steel. 

Hungarian riffles are strips of wood from about 1 to 1.5 in. square up to 2 X 4 in. 
laid crosswise with about equal spacing; they are often undercut on the dowmstream 
side, and have tops sloping upward. When subject to heavy WT.ar, they are covered 
with strips of iron or steel, manganese steel being most durable. By attaching them 
to longitudinal strips they form frames readily removed. A similar riffle for dredges 
ia built of or 1^-in. angle steel riveted to 6-ft. strips of the same material; the 

i Mining Met,, February, 1941, p. 72. 

* Also see Concentration, p. 134, in the first volume, entitled "Principles and Processes." 
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angles are opened about 10 or 15 deg. above a right angle and point downstream. 
Another effective sluice lining is coconut matting covered with expanded metal (steel 
lath). 

A special study of riffles for heavy work was made by P. Bouery at La Grange, who 
successfully used 40-lb. steel rails on 5-in. centers, resting on 2 X 6 in. pine strips set 
edgewise with spacers. He recommends invariably placing riffles crosswise A 
riffle of manganese steel designed by Bouery for severe hydraulic work consists of 
riffle proper, spacers, and lockers ; when worn, these can be used as liners. 















300 


NONFERROUS METALLURGY 


Dredges. — ^The dredges now in general use have close-connected buckets of 
6 to 15 cu. ft. capacity and are built of steel or wood, digging to a depth of over 80 ft. 
below the surface of the pond or stream in which thejy float. 

The buckets discharge into a long revolving screen or trommel running at a grade 
of 6 to 10 per cent toward the stern, where the coarse material passes to the stacker, 
while the finer portion goes to the gold-saving sluices and may then be run out directly 
or may go to a second stacker. The land is usually left in a valueless condition, but 
resoiling is possible by the use of multiple stackers. 

The screen may be cylindrical or stepped in diameter; it should have a baflBe at 
the end of each section and must be well braced. In a large dredge it may be 10 ft. 
in diameter by 50 ft. or more, with a peripheral speed of 150 ft. per min. The perfora- 
tions should be adapted to the material handled; one example has openings inf 
at the upper end increasing to 84 in. at the disciharge, another in. increasing ti 
1J4 in. The stacker belt may be up t>o 4 ft. wide, of eight-ply rubber, and will nor4 
mally last a year or more. An internal spray pipe runs the full length of the scriien,\ 
and two or more smaller ones outside; these must have an ample supply of water to\ 
wash the gravel and carry the fines over the sluices. 

The sluices may be in on(i series or in two decks 4 or 5 ft. apart. They are usually 
about 30 in. wide, running crosswise of the deck at a slope of 1 }% to ii^- per ft. 
(10 or 12 per cent) and then turning aft. Much the largest portion of the gold is 
caught in the first few feet of sluices; Janin mentions a 6-ft. dredge with 1457 sq. ft. 
of sluice area, catching 89 per cent of the total recovery in 292 scj. ft., or on(‘-fifth of 
the total area. For more clayey material the area was increased to 3900 sq. ft. One 
15-ft. dredge had 8000 sq. ft. of sluices in two decks; in another case 4500 sq. ft. in 
two decks was found lujodlessly large for a 15-ft. dredge digging 600 cu. yd. per hr. 
The head tables are usually kept covered with heavy screen to prevcmt th(*ft. 

A consid(Table saving is made on the save-all, a small sluice catcdiing the drip 
from the dtjscending buckets and discharging through the hull, and in the nugget 
catcher— a .short, steep series of riffl(is over which the fines from the extreme end 
of the screen pass. 

In some case.s, as on the ^'ukon, no mercury is us(m 1, and the first section of each 
sluice is covered with coconut matting and expanded metal. The matting is taken up 
daily, folded, and washed, and the washings are passed over a special set of riflles. 
The product is cleaned by panning and finally by dry blowing, while the* tailing goes 
back to the main riffle system. The riffles in the lower sections of the sluices arc 
cleaned up at intervals of a week or two. 

In California, mercury is more generally used, up to 3000 lb. weekly on the larger 
dredges and up to 1000 on the smaller. The loss of mercury in a 6-month campaign 
may range betwreen 1 and 5 per cent of the total used. When cleaning up at intervals 
of a week or two, the riffles are lifted out, section by section, and w'ashed off with a 
hose, and the dirt concentrated by temporary stops placed in the sluices. The con- 
centrate thus obtained is shoveled out and washed in a small shiice box, the product 
screened, and the fines run through an amalgam barrel with a little additional mercury. 

Sometimes a trough is inserted below a stop to divert the material being washed 
down into a clean-up box, about 2 X 3 X 1 ft. deep, having several centerboard mer- 
cury riffles, the tailing from which passes through a sluice with expanded metal riffles 
and back to the main dredge sluices. 

In many localities, considerable quantities of lead shot, nails, and miscellaneous 
metallic scrap may be separated in screening the product, and this material may 
retain more or less amalgam and necessitate working over. 

The black sand'^ obtained as a by-product in chmuing up placer sluices often 
contains platinum metals in small proportions, as well as some gold; much of the gold 
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and platinum may be recovered by treatment with a suitable concentrator. The 
Senn machine has been found well adapted for this purpose. 

Dry Concentration. — A clean-up of placer material is often finished dry. After 
removing the coarsest portion with a sieve, the remainder is ^‘tossed” or jigged dry 
in a pan or shovel, using a circular motion ; the sand thus brought to the surface is then 
blown off. The tailing thus obtained often contains fine or flaky gold. 

Dry washers or concentrators are used under desert conditions. The success of 
all these devices depends on the material being perfectly disintegrated and thoroughly 
dry; clay, especially, must be pulverized. Several different principles have been 
applied: 

1. Winnowing, by letting material fall vertically through a horizontal blast of 
air, which is either constant or rapidly pulsating. The wind is often utilized, and the 
gold caught on a sheet of canvas, but some efficient machines, as that of Edison, have 
been devised on this princnple. 

2. Passing the material over an inclined table covered with cloth, supported by 
wire screen through which a pulsating blast of air rises; the table may be fixed or 
oscillating, and is provided with low riffles. 

3. Passing material over a reciprocating table of the Wilfley type, having a tight 
cover near th(? surface, a blast or numerous parallel blasts of air passing parallel to 
the surface under the cover. 

4. Sized material is allowed to fall on a horizontal rapidly rotating disk (as in 
the Pape-Henneherg sysUmi), the particles being thrown to distances varying with 
their specific gravity. 

Black Sand. — Tlu' treatment of the black sand or concentrab'. obtained from beach 
or alluvial deposits is usually crude and unsatisfactory. This material actually 
varies much in color; it often consists largely of magnetite and ilmenite, with other 
h(^avy min<‘rals such as garnet, tinstone, columbite, or tantalitc, and occasionally 
nu^tals of the platinum group, 'i'he gold is retained by, but rarely contained in, the 
sand particles. The black sand separated by ‘‘blowing at the final stages of a 
clean-up may show gold values up to $1 per pound. 

Magn«*tic concentration is rarely of use, as much of the fine precious metal may 
be picked up mechanically with the magnetic concentrate, while in some cases some 
of the valuable materials are strongly magnetic. In some river gravels, and such 
beach sands as the Nome deposit, preliminary separation by 30- or 40-mcsh, or 
finer, screens allows all the gold to pass and retains only pebbles of extremely 
low grade. 

Til ere is no apparent reason why black sand thus concentrated, or recovered from 
sluices, etc., should not be successfully treated by cyanide solution, after removing 
coarse gold by riffles or amalgamation. Early experiments are said to have failed in 
precipitation by zinc, but laboratory tests show no cause for difficulty. 

Blanket Concentration. — Wcxilen blankets have long been used for catching gold 
at Brazilian mines, where mercury is sickened by bismuth and tellurium minerals, 
and they were introd\iced into early ('alifornian and Australian mills and have been 
used in mills treating the richer Cripple Creek ore. They are generally laid over- 
lapping on inclined tables, the pulp flowing over them for an hour or several hours, 
when they arc folded, replaced by fresh blankets, and the accumulation washed off 
in a tank. 

In 1918, corduroy was used to replace copper plates in the Van Kyn (Rand) 
stamp mill after adoption of coarse crushing (but not in the tube-mill section); the 
concentrate (0.27 lb. per ton milled, containing 2.1 per cent gold) was ground in a 
barrel with mercury, then passing to a mechanical batea. The loss of mercury in the 
barrel was only 0.01 oz. per ton milled. 
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In 1923, F. Wartenweiler anncrunced the total elimination of plate amalgamation 
in two Rand mills, Modderfontein East using five overlapping rows of corduroy strips, 
which caught, respectively, 80, 11, 4, 3, and 2 per cent of the total catch. The area 
of corduroy was 1.26 sq. ft. per ton milled daily, and this might have been reduced 
nearly 50 per cent without serious detriment. The product (1.8 lb. per ton milled) 
was saved by hand washing, but washing machines might be used; it was treated on a 
Wilfley, and this concentrate amalgamated in a barrel, yielding 94 per cent of its 
gold content, 98 per cent of which was free. Corduroy and wool blankets were found 
equally effective, but corduroy gives a less bulky concentrate, and the lock-up of gold 
is very small. Canvas gave a still smaller bulk, but caught only 75 per cent as much 
gold; riffles were only 57 per cent as effective.^ 

Canvas concentration, as practiced in California, is particularly adapted to catcri- 
ing extremely fine free gold, galena, and telluride which oc(mr in unsized pulp, and 
was originally suggested by Brazilian practice. It has been successful in treatiiig 
tailing that has passed vanners, etc., and still carries 50 cent^ to $1 per tori.^ 1 
Heavy canvas is laid on a carefully built wooden floor, usually in strips about 22 m\ 
wide, occasionally up to 6 ft., with strips of pine about 1 X 3 in. between for walkiii® 
on. They are usually 12 to 16 ft. long and inclined 1 to 1.5 in. per ft., hut have been' 
made much longer and inclined H or ?4 in. Dressed 1-in. lumber is used, free from 
knots, preferably tongue and grooved, laid on incliiK'd joists, and most carefully 
leveled. Two launders supply'’ pulp and clear water at the head; one across the foot 
carries off tailing, and another beyond it the concentrate. After the pulp has run 
about an hour, tlie feed hole is plugged on two sluictis and the clear wal.er turned on, 
washing the light sand from the canvas into the tailing launder. As soon as the con- 
centrate in the first sluice is clean, a board or iron sheet is turned or slipp('d under the 
lower end of the canvas to convey the stream to the concentrate launder, and the 
concentrate is sluiced down by a small additional stream from a hose with flat nozzh*, 
or is slightly swept down with a broom. Two sluices are thus idle d\iring ch^aning, 
one sluicing and the next washing. The concentrate passes to a series of settling 
tanks, the last being provided with baffles. The product is fine, with little sulphide, 
often over 90 per cent gangue, usually $30 to $100 gold per ton, but sometimes much 
richer. The use of burlap in the tailings launders of Utah Uoppe^r to cat(‘h some gold 
minerals has already been commented on — 30,000 sq. ft. is used for 24,000 tons of 
tailing per day, and the burlap is burned monthly. 

Important points are perfect adjustment of slope on substantial foundations, 
equal distribution of pulp and avoidance of overload and dry spots, ample water 
supply, ample time and space for settling concentrate. Old canvas iiochIs less water 
than new, producing less but richer concentrate; it may be turned when one side is 
worn smooth, and is at its best when the original fuzz has just disappeared. If a 
plant is shut down, it is advisable to keep the canvas wet or remove it and roll it up. 

AMALGAMATION 

Amalgamation. — Pure gold foil, annealed by gentle heating, is instantly amal- 
gamated if brought into contact with clean mercury at room temperature. It 
hammered repeatedly, or if previously heated to the point of fusion, it is less easily 
amalgamated; silver and silver-gold alloys are also less amalgamable; and it is neces- 
saj^y to rub or scour copper with sand, or to treat it with acid or a cyanide solution, 

I The use of blankets, cloth, and riffles for gold and other minerals is described in ARriccjja’s Book 
VIIT; sec especially pp 309, 317, 328, and 331 of Hoover’s translation Practice at Grass Valley, CalifM 
Is described by J. A. Philliiis. ’’Mining and Metallurgy of Gold and Silver.” 

•See Storm», Eng^ Mining Jour, Vol. 60» p. 29, 441, 466, July 13, Nerv. 9 and 16, 1805; Preston, 
California Gold Mill Practices, BuU. 6, California State Mineralogist. 
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to ensure amalgamation of the surface. Even when amalgamated, the mercury does 
not penetrate copper appreciably; gold is much more readily penetrated, and silver 
slowly. Gold and silver, if covered with a film of grease, oxide of iron, or tellurium, 
or of a sulphide, no matter how thin, refuse to amalgamate until the film is abraded 
mechanically or removed by a suitable solvent. 

Similarly, coatings of oil or oxide on mercury, and especially the conditions known 
as "‘flouring’' and “sickening,” effectually prevent amalgamation of gold. This 
result may often be obviated by the addition of a little sodium amalgam, or by elec- 
trolysis (making the mercury the cathode), but too large a proportion of sodium may 
result in amalgamating iron and any other base metals in contact with the mercury. 

Flouring may be brought about by agitating mercury with water or ore pulp and 
a trace of oil, or by distilling it from a retort containing a little gniasc or paper; in 
extreme cases it forms a mass of microscopic globxiles, lik(‘, flo\ir or white grease, 
wliich refuse to coalesce. Sickening is a similar, often indistinguishable, condition, 
induced by chemical means, as when the globules are coated with a film of oxide, 
sulphide, or chloride of the mercury itself or of some base metal contained in it. It 
may be caused by agitating mercury with fiiudy dividend, partly oxidized sulphides, 
or by perchloridi‘s of iron, mercury, copper, or other persalts of these metals plus NaCl. 
Any appr(;ciable impurity in mercury is usually recognizable by the globules losing the 
spheroidal form and acquiring a tail. 

'i'he extraction of gold from ore by amalgamation was praciticed to some extent in 
ancient times, but no details of the methods are known. In the Middle Ages, rich 
ore and concentrate W(!re ground or rubbed with mercury in wooden bowls using iron- 
shod raullers rotat^*d by crude madiinery. Later, babthes of ore were ground fine 
with mercury in the arrastra, using stone drags on a stone-paved bottom. In recent 
times the amalgamation of gold has been almost entirely associated with the develop- 
ment of the stamp mill. 

Three variants may be noted: inside amalgamation proper, in which a copper plate 
is inserted in the front of the stamp mortar, and sometimes a s(‘Cond inside plate at 
the back, mercury being fed with the ore at intervals varying from 15 min. to 2 hr.; 
outside amalgamation, in wliu^h all the reliance is placed on amalgamated copper 
plates outside the mortar, on which mercury is sprinkled from time to time; and an 
intermediatt^ system, in which the mercury is fed into the mortar but no inside plates 
are used. 

Disregarding th(^ crude nonrotating stamps of earlier periods, gold miJling since 
1850 has included the following: 

1. The light (500- to 750-lb.) stamps of early (Californian and Australian practice, 
used three to six in a battery. The mortars were of various patterns, often low iron 
troughs with built-up housings of wood or sheet iron. The scr(»en was often punched 
sheet iron or copper. 

2. Wide mortars, supposed advantageous for amalgamation, used with stamps of 
700 to 850 lb., and of high form. These rarely crushed 2 tons per stamp day, often 
only 1.25 to 1.5 tons through a 40-mesh or finer wire screen, usually brass wire, or 
punched tin plate. A drop of 0 or 7 in., ninety to one hundred times per minute, 
was common. 

3. The extremely wide mortar characteristic of Gilpin (’ounty, (Colorado, with light 
(600- to 700-lb.) stamps of high drop (about 18 in.) and only 30 per minute, was 
supposed to have special virtue as an amalgamator. 

4. The extremely narrow, high-form mortar, usually associated with Homestake 
practice (1876) and designed for rapid crushing. An 850-lb. stamp at 88 drops of 
10 in. crushed over 4 tons daily through a diagonal iron or steel slot screen equivalent 
to 30 mesh. Its crushing efficiency has led to the wide use of this pattern and vari- 
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ations of it adapted for heavier stamps. The narrow form is not necessarily inimical 
to amalgamation, as it has not been uncommon to find over 50 per cent of the total 
recovery in the mortar, collected almost entirely on the narrow (5 or 6 in.) chuck- 
block plate, 

5. The more recent heavy stamps, in American and especially in African practice, 
which have ranged from 1200- to 2000-lb. weight, about 1500 lb. being perhaps more 
generally preferred. These have tended constantly toward coarser crushing, with 
screens approaching ^ in. in aperture, the product of over 10 tons per stamp passing 
to rod mills, ball mills, or pebble mills. With the heavy castings, long heads, etc., 
necessary for heavy weight, the open-front mortar has been revived ; and the coarse- 
ness of crushing has encouraged the abandonment of inside amalgamation. , 

Five stamps per battery was early recognized as standard practice, mortars dis- 
charging in front only, and fed with Challenge feeders. Two-stamp mortars have 
been little used except for prospecting, but excc^llent results may be obtainc^d wim 
them and with some of the? one-stamp mills, of which the Nissen is probably the best. 
This has been made of 2000-lb. falling weight, with a circular mortar half surrounded 
by screen. Some others have screen on three of the four sides. \ 

Steel-wire screen is now much used, with either square or rectangular openings, 
often slotlike, with double wires in one direction and heavily crimped. In fine 
crushing, sheet steel is often used, punched with diagonal slots in. long, or thin 
tinned iron plate with round punched holes. The modern screens are almost always 
set vertical. 

In place of a long line-shaft drive, one electric motor now usually drives 10 light 
or 5 heavy stamps, by a built-up wood pulley 7 or 8 ft. in diaimd-er with a 14- to 
18-in. b(ilt, the shaft running in plain cast-iron bearings withoiit cover. Wrought- . 
iron camshafts are preferable to any steel ordinarily obtainable. The cams are 
preferably attached ])y the Blanton self-locking device, which allows of easy removal, 
all the cams being interchangeable in position. 

The standard cam curve is the involute of a circle, the center coincident with the 
camshaft axis and the radius the distance from the axis to the central plane of the 
stamp stems. The involute gives uniform speed of lift, but strikes the tappet with a 
sudden jar, and the curve is often much modified at root and tip. Th(» gib tappet 
may have two or three keys. The usual order of drop is 1, 3, 5, 2, 4 (ichuitical with 
1, 4, 2, 5, 3), the only combination possible if no adjacent stamps drop consecutively, 
but 1, 5, 2, 4, 3 (= 1, 4, 2, 3, 5) is also used, and occasionally others in whicli one 
adjacent pair drop consecutively. Any t<mdency to bank sand at one end of mortar is 
usually overcome by giving the end stamp a slight increase in drop. Various forms of 
guide are used but generally have cast-iron liners in place of the wood formerly used. 

For stamps from 800- to 1500-lb. w’^eight the following table gives the range of 
weights commonly adopted. The last column shows the greater range of weight used 
for heavy stamps in South Africa and India. The percentagtis are based on falling 
weight with new shoes. 
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The corresponding cam weight ranges from 25 per cent with light, to 20 per cent 
with heavy stamps, all being about 32 in. across tips. The camshaft ranges from 
(for 10) 30 per cent above the falling weight for light up to 50 per cent above for heavy 
stamps (5?^ to in. by 14 to 16 ft.) ; stems increasing from 3 in. at 800 lb. to 4 in. 
at 900, and usually 14 ft. long; shoe diameters 8.5 in. up to about 900 lb., and 9 in. 
above that. 

Mortars are always of the high form, of heavy cast iron, generally with front 
entirely open, but variously proportioned. Reinforced concrete is now in general 
use for mortar supports, with an intermediate cushion of wood and rubber or belting. 
The ends and back of mortars are often protected by liners of chrome or manganese 
steel. 

Battery water should be supplied at the rear of the mortar at two or more inlets; 
the ratio of water to ore stamped has varied widely, ranging from 2.5 in occasional 
Californian mills to 10 or 12 in former Homestake practice, high crushing duty and 
amalgamation being obtainable at both extremes — 5 to 8 is generally preferable. 
With plate amalgamation, the water and grade must be sufficient, and the distribution 
of pulp over the topmost plate even enough to produce uniform waves and avoid 
building up islands of sand. For sucf^essful amalgamation the temperature of the 
feed wat(ir should be uniform, and neither extremely cold nor hot. Practically all the 
energy expended in (jrushing reappears in the imjreased temperature of the pulp, which 
is of importance in cold climates. 

Amalgamation. — Mortars formerly had inside plates both front and back 6 or 
8 in. wide and extending across the full length; the back plate has been discarded and 
the front plate — ^usually about 5 or 6 in. by 14 in. thi(?k — is attached to the chuck 
block immediately beneath the screen; even this is now obsolescent and is seldom used 
with heavy stamps. 

A ‘‘lip plate" is sometimes attached outside the mortar, extending across the 
discharge and 1 to 2 ft. wide. The main apron plate may be in one unit or more, 
each 4 to 5 ft. wide by 8 to 12 ft., of 18-in. soft-rolled copper. In successive units, the 
width should be maintained or increased. Long plates are usually set in an unbroken 
sheet of 8 to 24 ft., but some operators claim an advantage in cutting them into 2-ft. 
lengths, set with a drop of an inch or two at each step; the long plates are easier to clean 
and care for. Plates of Muntz metal have been used in New Zealand and elsewhere 
with appanmt success; at several mills in the United States they have been a total 
failure. The plate table is best built of tongue-and-grooved lumber, 1.5 or 2 in, 
thick, with 2-in. sides, and may be made adjustable in slope. Planed cast iron 
has been used. 'J^he plates are secured by screws or copper nails, and cleats are often 
added at the sides. If divided longitudinally into two or three runs, it is easy to 
clean one run at a time without stopping the battery. 

The inclination of plates is best kept from 1.5 to 2.5 in. per ft. (12.5 to 20 per cent) 
depending on the proportion of water, fineness of pulp, and proportion of heavy min- 
erals, but extremes of hi. up to 3 in. per ft. have been used. The plates are usu- 
ally placed close to the mortar, but sometimes the pulp is transported some distance 
and then redistributed over a plate system. This sometimes results in large accumu- 
lations of amalgam in pipes or launders. 

Silver plating of the copper plates is advantageous, except with rich ore, and in 
the case of the plate next the mortar; about 2 oz. silver per square foot is a suitable 
amount, or soft silver amalgam may be rubbed on the plate. In “setting" new 
copper plates, about H oz. mercury per square foot is requisite, and this should be 
applied by scouring with wet sand and a little weak solution of sodium cyanide. 

Various amalgam or quicksilver traps haVe been used, but there is probably noth- 
ing better than a shallow transverse trough of riffle about 2 in. deep and 4 or 5 in. wide 
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at the foot of the plate table. The accumulated concentrate from this may be col- 
lected daily with a small scoop and carried in buckets to a central point, where it can 
be run over a special plate or riffles, or ground in a pan or small ball mill. 

Many mechanical amalgamators have been devised and used, such as horizontal 
rotating cylinders lined with copper, or provided with copper wings or lifters, or 
arrangements of horizontal disks or shelves rotating on a vertical axis, series of shelves 
of sheet copper, etc. The Pierce amalgamator is probably the only one of these to 
show greater efflciency than a plain plate. Numerous electrolytic devices have also 
been used, as well as sodium and zinc amalgam, to maintain the surface of mercury 
in a bright condition. 

It is remarkable that gold or amalgam, while escaping all the contrivances arranged 
to catch it, often accumulates in unexpected places, such as angles of cones, sumps, aiid 
launders, the rakes of Dorr classifi(^rs, and on the runne^rs of high-speed centrifiioal 
pumps. All such places should be inspected from time to time, and any tendency to 
build in launders should be encouraged by placing riffles suitably safcguard(id. \ 

Plate Area. — The reflation of plate surface to stamps and stamp capacity varies 
remarkably in the practice of different fields. 8ome extreme castis may be noted; 


Mine or district 

Approximate 
percentage 
of proiluct 
amalgamated 

Square feet 
plate area 

Per 

stamp 

Per ton 
per day 

Treadwell, Alaska — 880 stamps. 

, 1904 

50 

9 

2 

Homestake, Amicus mill, 240 1 

1 IttlO 

70 

62.1 

13.6 

S. D. stamps 1 

[ 1923 with tubes. 

66 

43 3 

7.8 

Pocahontas mill, 1 

1 1910 

70 

32.7 

7.5 

160 stamps ' 

i 1923 

66 

18.0 

3.6 

South mill, 120 1 

f 1923 with rod \ 

66 

25.6 

1.6 

stamps J 

[ mills 1 




Rand, South Africa — Typical mill with tube mills 

65 

10 

1 2 

Ooregum, India — 55 stamps, 1923 with tubes. . . 

88 

20 

2.2 


With the revival of blanket practice the tendency is to reduce plate area still 
further. 

Loss of Mercury. — In gold amalgamation, an ounce per ton was riot an uncom- 
mon loss in early practice, and occasionally muc’b higher losses were recorded, hut 
this has been much reduced. At the Treadwell mines, shortly b(iore abandoning 
amalgamation, the loss varied from 0.06 to 0.08 oz. per ton with ore from $1.50 
to $2.50; at the Homestake, 0.06 oz. was lost with low-grade oxidized ore, and 0.17 oz. 
with $5-ore containing sulphides, and a similar range has prevailed in South Africa. 
At Modderfontein East, amalgamating corduroy concentrate, about 0.05 oz, is 
reported. 

Among the principal sources of loss are drops running from the end of plates kept 
too ^‘wet,*’ and flouring. 

Outside plates usually have the amalgam removed once every 24 or 48 hr. by wash- 
ing off sand and then brushing thoroughly after sprinkling with some additional mer- 
cury. The amalgam may then be collected at one spot by means of a stiff brush or 
cloth, or a rubber scraper, and transferred to an iron kettle. Any hard crystalline 
accumulations should be carefully scraped off before they become persistent. With a 
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properly organized system the entire time consumed is about 1 min. per stamp per 
day.*** In many mills the plates are also ** dressed” or brushed up at intermediate 
periods, and may be sprinkled with mercury at the same time. Inside plates are 
usually removed for cleaning about twice a month, a clean plate being exchanged for 
the one taken out. The entire mortar is cleaned out about once a month, or whenever 
dies are taken out. 

The actual absorption of precious metal into the body of a copper plate is neg- 
ligible, but the accumulation on the surface may amount to many dollars per square 
foot if accretions of hard amalgam are allowed to build up, as they sometimes do, to 
a thickness of }'s in. or more, thus tying up an important amount of gold. In some 
mills this layer is softened by the occasional application of steam or hot sand, which 
facilitates its removal by s(‘-raping, but it is better to avoid this condition by dady 
removing hard accretions. Absorption only occurs when the rolled copper plate has 
capillary openings, such as minute cracks or pinholes. 

Amalgam obtained from plat<»s, etc., is cleaned by grinding with water and addi- 
tional quicksilver, the floating impurities being wiped from the surface with a sponge, 
or in small lots by pouring from one vessel to another, when pyrite, etc;., adheres to the 
moist vessels. M(;tallic iron is removed by a magnet. Small lots are ground by 
hand with a pestle and mortar of iron or wedgwood ware; on a larger scale the amal- 
gam, or accumulated cleaning, is treated in a miniature iron tube mill, or a Knox or 
Berdan pan. The tube mill may be 2 ft. in diameter by I to 4 ft. long, with steel balls 
or rods of drill steel; it may be worked in batches through a covered hand hole, or 
continuously ])y a stream of water passing through hollow trunnions. The Knox pan 
is a small cast-iron pan with a mull(;r carried on a vertical shaft; the Berdan rewolves 
on an imdined shaft, grinding by means of two or three large balls, or by drags chained 
to a fixed post. 

The amalgam is squeezed in fairly heavy (10-oz.) canvas; the finish is usually given 
by hand in balls of about 100 oz. each, or in cylinders compressed in a hydraulic 
machine wilh disks of canvas and coconut matting at each end; the removal of excess 
mercury is facilitated by heating the balls in hot water. 

A high ‘'percentage of retort” is favored by a large percentage of gold in the 
resulting bullion, coarseness of the (»riginal partich^s of native gold, frequency of clean- 
ups (giving mercniry less time to penetrate), pressure applied in squeezing (much 
iiKTeased by use of mactiine), and high temperature during the squeezing. About 60 
per cent is occasionally reached, whih; silvery amalgam may yield only 25 per cent; 
35 per ctmt is about average for hand-squeezed amalgam. 

Amalgam retorts are made in the pot form for charges up to about 2000 oz., 
and should be not over two-thirds filled. For larger amounts the cylindrical built-in 
form should be used, fitted with three or four light cast-iron trays. The trays or 
pot retorts are given an internal wash of wood ashes, fine clay, or chalk, or are painted 
with iron oxide, to prevent adhesion of bullion. Paper is sometimes used, but may 
cause flouring of the mercury. The covers or doors are best sealed with a lute made of 
sifted wood ashes and secured by well-driven wedge keys. A long condenser should 
be used, with a jacket supplied with cold water. In large retorts it is convenient to 
u.se loose dividing pieces of sheet iron, similarly painted, so that the resulting bullion 
will readily fall into pieces of convenient size for charging into crucibles. 

Any convenient fuel may be used in retorting, and a pot retort may be heated in 
any style of melting furnace, or in the open if surround€‘d by a piece of sheet iron, but 
it is essential that the top be covered and kept hot, or the mercury vapor will con- 
dense before escaping. The temperature of boiling mercury is 356°C. (672°F.) and 
its latent heat 125 B.t.u. per lb. On account of the high specific gravity of the 
vapor (seven times that of air), the discharge pipes should point downward as far 
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as possible and means should be adopted to carry off any escaping fume and pre- 
vent its inhalation, especially if it is necessary to open the retort before it has time to 
cool. The mercury carries over a trifling amount of gold, most of which is due to 
spattering in the earlier stages of volatilization. The loss of mercury should be very 
small; any considerable difference in the weight of amalgam and of bullion plus 
mercury points to a defective lute or a leaky retort. 

Bars of mill bullion or refined cyanide product are melted in graphite crucibles 
with borax sufficient to form a cover, and poured into iron molds previously smoked 
heavily or coated with graphite. About 2000 oz. is the usual weight limit for gold 
bars, and about 1000 to 1200 oz. for silver. 

Bars containing gold and silver with little base metal other than copper suffer 
very little segregation and solidify rapidly. In sampling them it is safe to chip froln 
one corner at the top and the opposite corner at the bottom or to drill or ?8“ip- 
holes at opposite corners. Cyanide bars containing hiad or zinc are irregular in compo- 
sition and should be sampled from the crucible just after stirring, or a sample may be 
taken while pouring by deflecting some of tlie flowing metal into a vessel of water. ^ \ 

As soon as the bullion solidifies in the mold, the slag may be removed by pouringl 
water on it and scraping it out, or by plunging the hot bar into cold water. Plunged \ 
bars retain a little water if the surface is rough. 

CYANIDATION 

Cyanidation. — At the present time sodium cyanide, NaCN, has entirely super- 
seded potassium cyanide, KCN, as a solvent, and it alom*. will be considered here, 
although some metallurgists still make all calculations in K( 'N and recalculate the 
results to the actual salt used.* 

The essential reactions of the cyanide process ar(‘, for gold, 

2Au + 4Na(.:N + O + H 2 O = 2NaAu(CN)2 + 2NaOH 

This is Eisner’s reaction, verified by Maclaurin, indicating the necessity for oxygen 
or its equivalent. Metallic silver follows the same reaction, substituting Ag for 
Au. Cyanides of other alkali and alkali-earth metals act in precisely the same way, 
substituting Ca, Ba, 2K, etc., for 2Na. Hydrocyanic acid is an extremely feeble sol- 
vent, and cyanogen itself is without action on gold. 

Silver chloride is rapidly dissolved, without oxygen, 

AgCl + 2NaCN = NaAg(CN )2 -f NaCl 

and most other silver compounds are similarly dissolved. 

Silver sulphide, however, dissolves slowly, the reaction being reversible and 
requiring an excess of cyanide. 

AgaS + 4NaCN t:; 2NaAg(CN)2 + Na^S 

Artificial gold sulphide is similarly dissolved. The solutions obtained always contain 
more or less thiocyanate (Na(-NSj, and this probably results from oxidation of the 
NajS. 

NajS + 0 + JhO + NaCN « NaCNS -f 2NaOH 
Free sulphur, resulting from partial oxidation of pyritic ore, or sulphur from thiosul- 

1 See Sampling, pp. 72, 76, 78, and 80 of the v’^oUiinc entitled “Principles and Processes.” 

* It is convenient to remember that, for all practical purposes, 4 Ib. Kf'N 3 lb. NaCN, and 1 lb. of 
98 per cent NaCN « 2 lb. of Aero containing cyanogen equivalent to 49 per cent NaCN. Also that 
10 ec of O.SA AgNOi (8.50 g. per 1) 0.049 g. NaCN « 0.06 g. of 98 per cent salt, or 0.1 g. of Aero at 

49 per eent. 
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phates formed by the action of lime or soda on pyritic ore, also reacts on cyanide 
with formation of thiocyanate. 

S + NaCN = NaCNS 

Tellurides of gold and silver are scarcely affected by cyanide solutions, and silver 
selenide is very slowly attacked. 

Electromotive Force of Metals in Cyanide Solutions^ 


Most probable value for e.m.f. 

Concentration 

Ziiic Gold Silver Ijead Iron 

KCN per cury 


a.5 per cent = N +0.945 +0.9301+0.42 +0.34 +0.20 +0.15 -0.03 

0.65 per cent - A^/10 +0.870 +0.68 +0 . 265| +0 . 195 +0.16 +0.05 -0.09 

0.065 per cent = JV/100 +0.775 +0. 43 +0 .09 +0 . 055 +0.11 +0.04 -0.12 

0.0065 per cent -iV/1, 000.. +0.415 -0.05 -0.34 -0.31 +0.07 -0.19 -0.13 

0.00065 per cent = 

A^/10,000 +0.385 -0.25 -0.45 -0.42 +0.05 -0.59 -0.14 


1 Christy, Trans. A.I.M.E., Vol. 30, pp. 921-922. 


As calculated from the chemical equivalents, 1 lb. NaC'N suffices to dissolve 1.1 lb. 
Ag or 2 lb. Au; 1 lb. Zn to precipitate 3.3 lb. Ag or 6 lb. Au. An ounce of metallic 
silver, therefore, requires 1 .8 times as much of either reagent as an ounce of gold, and 
a dollar^s worth of silver at th(‘. ordinary range of price uses forty to sixty times as 
much as a dollar ^s worth of gold. In practice, the diffenmee is even greater because, 
as a rule, gold dissolves readily in dilute solution, while silver often occurs as the 
sulphide, which nKjuires a stronger cyanide solution owing to the reversible character 
of its reaction. On the other hand, silver chloride dissolves rapidly and with little 
decomposition of cyanide. 

Under identical conditions, metallic silver dissolves about half as fast as gold, or 
in exa(;t proportion to tlnnr atomic weights. Silver-free gold dissolves more readily 
than gold alloyed with silver. Maclaurin showed that all gold-silver alloys should 
dissolve in cyanide solution at the same rate as measured in thickness removed, and 
in the same proportions in which they exist in the original alloy; Yokobori and others 
confirm this. 

As regards the effect of amalgamation on the rate of dissolution by cyanide, some 
(contrary evidence has been adduced. In stationary beaker tests wdth pure gold foil, 
a mere film of amalgam retards solution about as much as thorough wetting with 
mercury — similar pieces show one-half to one-tenth the rate of solution noted with 
clean gold ; when agitated in sand mixtures the same tendency is noted. 

For a given percentage of NaCN, gold in a thick slime mixture dissolves much less 
rapidly than in thin pulp, the same is true of silver, of oxygen, and of salts such as 
NaCN itself — lumps of which should not be dumped in agitators but predissolved in 
clear solution or water. This effect seems to be partly due to the greater viscosity 
of thick pulp, partly to the smaller proportion of solution to unit volume and unit 
surface. 

After a certain period of contact with a given solution, the dissolution of gold from 
ore practically ceases, in spite of agitation and ample aeration; on adding fresh solu* 
tion, or replacing a part with barren solution or even with water, further dissolution 
takes place. This is more marked with silver than gold, and especially on adding 
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During citraHrtg, leaching, anct washing, alranetsoluHtms pass by channels foaf'fvrnate plaHs and through ^tofh% anclacros9 Siim^ cak^s 
Fig. 6. — Slime treatment in Merrill filter presses at Homestake, S. D. See Clark and Sharwood, Travis * 22* 68. 
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aerated barren solution from extractors. Some of the effect is, no doubt, due to the 
inert or '^fatigued” solution having reached an equilibrium with the ore, but probably 
much of the later apparent dissolving is actually diffusion of the richer solution 
adsorbed or absorbed by the ore particles. 

In sulphide ores, especially complex sulphosalts, silver may be very slowly soluble; 
this may often be partly overcome by removal from the solution of the Na 2 S formed 
by means of lead compounds; mercury salts are sometimes used with advantage, and 
fine grinding is essential. Owing to the reversible character of the reaction with 
AgaS, a short treatment with very strong (1 per cent or more) solution of NaCN is 
often much more effective than long treatment with dilute. 

The best strength of solution must be determined by experiment. In agitation 
systems, coarse gold being removed if originally present, slime may be treated with 
solution of 0.1 to 0.01 per cent NaCN ; silver slime may require 0.2 to 0.5 per cent Qr 
higher. 

In well-roasted sulphide ore or concentrate the gold is, as a rule, amenable 
cyanide, but the globular particles from roasted tellurides dissolve slowly; silv(jr iri 
similar roasted material becomes partly insoluble; extremely fine grinding is desirable! 
with most rich silver material. TVftcr fine grinding, such material is sometimes put 
back in the same circuit with average ore; it is best first to give it a separate intensive 
treatment with strong solution. 

Gold telluride ores must be either roasted or treated with some oxidizing agent, 
such as bromocyaiiide, BrCN, after preliminar}'” leaching; or any alkaline bromate, 
or peroxide of sodium or barium, may be used after preliminary treatment with NaCN. 

Many other oxidizing agents have been tried in connection with cyanide treats 
ment, to supply ^^nascent (^N^^ or its equivalent, but none has been able to compete 
with atmospheric oxygen for ordinary ores. 

Lead and Mercury in Cyaniding. — Mercuric oxide and chloride dissolve com- 
pletely in cyanide solutions 

HgO + 4NaCN = Na 2 Hg(CN )4 -h 2\aOH 

but when mercurous oxide or chloride is treated with alkaline cyanide, half the 
mercury remains insoluble in the metallic state. 

2HgCl + 4NaCN « Hg + Na 2 Hg(CN )4 -f 2NaCl 

An old tailing pile containing HgCl, therefore, cannot be expected to yield 50 per 
cent of the mercury by cyaniding; mercuric oxide would give an almost complete 
recovery; the sulphide and metallic mercury would yield little or nothing. 

Lead is sometimes added to solutions as the acetate (54.6 per cent Pb) or nitrate 
(62.56 per cent Pb), the latter being generally more economical. Litharge (PbO » 
92.8 per cent Pb) is sometimes added to grinders, or ground with limii. In alkaline 
solutions the lead is dissolved as plumbite, NagPbOg, which reacts with sulphides to 
form PbS. Occasionally, a local oxidized lead ore (PbCOa) has been similarly used. 
Removing NajS, lead facilitates the solution of Ag 2 S, argentite, but it has no beneficial 
effect on the complex sulphosalt ores of silver. Mercury would similarly precipitate 
the sulphide radical as HgS. Both lead and mercury also influence precipitation. 
Contact with zinc dust or shaving at once throws down metallic lead or mercury, 
forming a zinc-lead or zinc-mercury couple which facilitates precipitation of gold and 
silver, and is especially advantageous when zinc shaving is coated with copper. 
Lead added to solutions at the time of precipitation is found in the precipitate, and is 
sometimes troublesome in refining unless cupellation is practiced. Any mercury in 
solution is similarly precipitated, and when zinc precipitate contains much (say 10 
per cent) of it, its removal by distillation may be profitable. 
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Losses of Cyanide. — ^Losses of cyanide are mechanical and chemical. The 
first comprise the cyanide that is carried ofif in solution, some of which may be unavoid- 
ably thrown away daily, to prevent accumulation of too great a volume, or may be 
discharged in the residue, the washing of which is necessarily imperfect. 

Chemical losses include that due to hydrolysis of NaCN (2NaCN -f H 2 O « 
2NaOH + 2HCN), but this effect is slight in solutions that are distinctly alkaline, 
and is much smaller in old solutions [which often carry most of their CN in the form 
of Na2Zn(CN)4l than in simple NaCN; decomposition of NaCN by acids, including 
CO 2 contained in air used in agitation (2NaCN -f CO 2 -f H 2 O ~ Na2C08 + 2HCN); 
oxidation of NaCN by oxygon of air to form NaCNO and other inactive compounds, 
such as bicarbonates (NaCN + 0 = NaC'NO; 2NaCNO + 3 H 2 O = Na 2 C 03 4- 
2NH8, etc.); reaction with iron compounds, copper, etc., to form Prussian blue and 
various double cyanides, and with sulphur to form NaCNS. 

Cyanicides. — “Cyanicide'' is a convenient name applied to all those substances 
found in ores and tailings which cause a loss of the essential ion CN from the solutions 
used in treatnnuit. Under this head may be grouped acids that directly decom- 
pose NaCN (including carbonic and humic acids); salts such as sulphates and arse- 
nates, especially those of iron, which cons\iine free alkali [Ca(OH )2 and NaOH], thus 
facilitating the hydrolysis of Na('N; ferrous salts and oxidized compounds of copper 
and zinc which form complex cyanides, either entirely inert or feeble solvents for gold 
and silver; and certain sulphur compounds that react with NaCN to form Na(^NS. 

When used injudiciously and in excess, even oxygen, chlorine, bromocyanide, 
peroxid(^s, and other oxidizing agents are actually cyanicides. The cyanide actually 
\ised in dissolving gold is almost negligible, but rich silver ore consumes more — 100 oz. 
of silver using over fi lb. Na(^N to form the double cyanide. 

(kipper in oxidized ores is usually in the form of the green or blue carbonate (mala- 
chite or azurite), an oxide, basic sulphate, or occasionally the metal. In pan-amal- 
gamation tailings it occurs in similar forms from decomposition of added sulphate. 
In all these forms it is readily dissolved by cyanide solutions and decomposes or renders 
useless approximately three times its weight of Na('N, or four times of KCN. In 
th(* case of K(/N, the actual cuprous compound formed appears to lie between K 2 CU - 
(CX )3 and ]\ 3 Cu'(CNl 4 , while a portion of the CN is oxidized to CNO in reducing 
combined tHi" to Cu'. As little as 0.1 per cent of soluble copper may, therefore, 
cause a loss of several pounds of cyanide per ton treated. Unoxidized suphide ores 
are commonly but little attacked and decompose relatively little cyanide. 

From some oxidized ores it is possible to remove the soluble copper by dilute 
ammonia, or, if but little calcium carbonate is present, by dilute sulphuric acid; 
in either case the dissolved copper must be removed by thorough washing before 
contact with cyanide wsolution. 

Iron and steel in the form of sheet metal, etc., are practically without effect on 
cyanide solutions. Some writers have insisted that the fine metallic iron intro- 
duced into ore by wear of mill castings, steel balls, and rods, etc., which may range 
from 1 to 5 lb. per ton, decomposes cyanide and interferes with gold extraction. In 
practical tests, it is difficult to recognize any losses due to metallic iron as sucli. 
Any actual decomposition is probably due to ferrous compounds produced by oxida- 
tion of this finely divided metal, or by the action on it of acids resulting from oxidation 
of sulphur compounds in the ore. 

Antimonial Ores. — Ores containing antimony as sulphide (stibnite) have, in some 
instances, given trouble in extraction, and also by yielding an impure precipitate, 
difficult to refine unless cupellation is practiced. 

Fine grinding has been recommended, and the use of a solution as low as possible 
in cyanide and especially low in free alkali. In other cases some success has been 
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reported in the adoption of a treatment with comparatively strong solution of sodium 
hydroxide or sulphide to dissolve interfering antimony compounds, and washing out 
the solution before cyaniding. 

In some antimonial ores, as with others containing Se or Te, all or most of the gold 
may resist both amalgamation and cyanide, and may also be impossible to concentrate. 
A thorough roast, followed by fine grinding, generally renders a high percentage solu- 
ble in cyanide sohition. 

Arsenical Ores. — Many of tin? common arsenical minerals, notably arsenopyrite, 
FeAsS, are totally unaffected by cyanide solution; their oxidation products are, 
however, soluble in many cases. When arsenic passes into solution, some of it may 
appear in the precipitate, and in this cas(i extreme precautions must be taken in dis- 
posing of the fumes from acid treatment, which may contain arsine, AsHs. 

The presence of manganese minerals in gold ores appears to have no ill effect m 
cyaniding; some silver ores contain large percentages of manganese peroxide but yiela 
readily to cyanidation; others, some of them containing relatively small proportions 
of manganese, yield only a small percentage of their silver, even to strong cyanide soluA 
tions. Mere addition of MnO^ has no prejudicial effect, and it is probable that in the\ 
latter ores a more or less definite manganite of silver exists, analogous to the com- 
pounds of barium and copper found in psilomelane. Investigations by li. Linton, 
E. M. Hamilton, and W. H. Coghill show that in some cases treatment wdth dilute 
hydrochloric acid, salt and sulphuric acid, sulphur dioxide, hydrogen sulphide, or a 
sulphydrate, or a chloridizing roast leaves the silver in a form permitting a high extrac- 
tion with cyanide solution, though it may be insoluble in nitric acid. Reagents that 
decolorize the dark manganese compounds generally free the silv^er. 

For instance, Hamilton, in one case, extracted only 5 to 15 p(T cent at 200 mesh, 
additions of lead, oxidation, hot solutions, chlorine, and sodium sulphide, Na-^S 
giving no improvement. A preliminary treatment wdth H 2 S or NaHS increased the 
extraction to 73 per cent, HCl to 94 per cent, 5 per ccmt SO 2 to 84 per cent, and a 
chloridizing roast to 75 por cent, when followed by agitation with dilute solu- 
tion. Concentration, oil concentration, and flotation gav’^e no r(\sults. 

The Caron process commences with a “reducing roast to decompose p(*r- 
oxides, and in certain (‘ases has greatly increased th(‘ Hubs(‘(|m‘nt extraction of 
silver. 

Calcium sulphate is sometmes an original constituent of or(;s and tailings and of 
some waters; more commonly it results from the roasting or weathering of calcanjous 
ores containing sulphides, and occasionally from the action of sulphuric acid on such 
ore. Lead sulphate may also react with limey solution to giv(‘ a saturat(‘d solution 
of CaS 04 . In Colorado and Western Australia, leaching of roast(‘d ore has sometimes 
been followed by the setting of charges to a cementlike mass, which might r(‘quire 
blasting. A more common result is the supersaturation of cyanide* solutions wuth 
CaS 04 , which crystallizes as a hard deposit on pipes, canvaH,^tc., and may coat zinc 
shavings so as to render them inactive. A complication is caused by the fact that the 
solubility of CaS 04 in water decreases with a rise of temperature. 

Magnesium sulphate may be similarly formed ; w^hile readily soluble, it is equally 
objectionable owing to the flocculent precipitate formed when its solution is mixed 
with another differing in alkalinity. 

Owing to the presence of carbonaceous matter (not graphite) in black schists 
associated with the ores, it has been impossible to secure good extractions of gold at 
certain mines in various parts of the world, much of the gold being reprecipitated fis 
soon as dissolved in some form which has never been positively identified, though 
much has been written on the subject. Oharcoal from charred mine timbers, etc., 
simiUirly interferes. 
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In the case of some African ores, a process was worked out by Feldtmann and 
Wartenweiler for extracting the rcprecipitated gold by a subsequent leaching with 
sodium sulphide solution. 

A more recent method is that of Silver and Dorfinan, who give the ore a prelimi- 
nary agitation with a little flotation oil, whi(;h prevents the carbonaceous matter from 
interfering. 

Some pyritic. concentrates oxidize^ rapidly to FeS 04 , etc., and then decompose 
large amounts of NaCN, forming ferrocyanides, Prussian blue, etc. This may be 
obviated by a fairly long aeration in the presence of lime or soda, oxidizing the iron 
completely to ferric hydroxide. 

At the Goldfield (^Consolidated mill the concentrates contained copper as well as 
iron sulphates. Soluble copper and iron were removed by preliminary treatment with 
dilute sulphuric acid, followed by an alkaline wash, after which the fine-ground 
concemtrate was cyanided in a PacdiiK^a tank with repeated decantation, finishing in 
a Kelly filt(T. 

Lime is used in cyaniding to neutralize acid existing in ore, or the ^'latent acidity^’ 
of such salts as basic f(‘rric sulphate, thus protecting cyanide from doenmposition. 
It is also of A^alue in inen^asing the settling rate of slime. 

When crushing in watfT, quicklime may be fed dry with the ore, or may be slaked 
or ground in a tub<‘ mill or pan. This early introduction effects neutralization at the 
earliest possibli* stage, but sometimes has an adverse influence on amalgamation. It 
is advisable* w hen crushing in cyanide solution. An opposite policy is followed at the 
Homestak(' sand plants, w hen* tin* ore (hwelops acidity by oxidation and a granular 
lime is r(‘<iuir(*d for progressive neutralization; here it is crushed by a stamp through a 
seven-niesh senum and mixed with the sand just as it passes to the collecting-leaching 
vats. 

In tniating dry sand, the liiiu' should be slaked carefully, and the fine product 
mixed as uniforndy as possible with the charge at any convenient stage. With slime 
pulp, it mav be used as milk of lime fed from a grinding pan or mixer. Acid and bicar- 
bonate W'aters consunu* an appreciable quantity of lime. In some cases, as when 
alimiimim is us(h 1 as a precij)itant, the calcium in solution must be replaced by sodium, 
by the tise of caustic soda or soda ash. 

An excess of alkali in solution protects NaCN from hydrolysis, but it usually 
retards and may (‘v<*n prevent the dissohdiig of gold and silver, especially wdth sul- 
phide ores. Alkalinity must, therefore, be carefully controlled, and it is generally 
best to maintain it at the lowest possible point in excess of that corresponding to the 
cyanide (Na(b\) indicia! ed by titration — in other words, the protective alkali should 
be as near to zero as possible. This is generally safe, as old solutions containing zinc 
show' little tendency to hydrolysis of H(^N. 

Lime should be free from charcoal and contain but little magnesia. The available 
CaO in good quicklime is betw^een 80 and 90 per cent; it is easily determined by shak- 
ing 2 g. with 20 g. of sugar in 200 to 1000 cc. of distilled water, and titrating one- 
tw'entieth of the clear liquid wdth standard acid. 

Sand and Slime. — In the first MacArthur-Forrest patents, agitation in cyan- 
ide solution is indicated, but in the early practical plants some form of separation 
was found necessary, the coarser material, including as much of the fines as possible, 
was leached, the ‘'slime'' being allowed to accumulate untreated, unless exceptionally 
rich. 

“Slime" properly refers to colloidal material— “superfine particles"— which 
can be neither leached nor settled readily; Gross has defined it as “anything which 
renders water muddy. " The slime separated by classification is largely extremely fine 
sand, the microscope showdng this to consist of crystalline particles. Teachable sand 
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FiCfS. 7-10.-— Typical flow sheets of successful gold-milling installations 7, simple flow 
sheet for high-grade, free-milling ores; 8, an added jig and amalgamation unit give addi- 
tional recoveries; 9, a classifier in closed circuit increases the grinding and jigging efficiency; 
10, flotation cells recover sulphides formerly lost. 

* These flow sheets furnished by the Denver Equipment Co., Denver, Colo. 
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may contain 40 or 50 per cent of material finer than 200 mesh, provided true (colloidal) 
slime is practically eliminated. In general, quartz and pyrite tend to pass into sand 
during classification, while the slime contains the more basic and hydrous constituents 
of the ore — especially lirnonite, and hydrous silicates of alumina and magnesia, such 
as kaolin and chlorite. 

In rare instances, a porous ore, containing no coarse gold, may be crushed coarsely 
(to, say, in.) and leached directly, but classification is more generally necessary. 

All-sliming^' is a term loosely applied to the comminution of an ore to pass 
200 mesh — sometimes extended to 100, or even 80 mesh — the general idea being to 
ensure a product that can easily be kept in suspension. 

Crushing in cyanide solution was first attempted by A. B. Paul in California, 
but was little used until 1899; since then its use has rapidly increased. Milling in 
water washes out soluble cyanicidc^s, and lime may be used to neutralize latent acidity, 
in some cases saving much cyanide; amalgamation may be thus kept in advance of 
contact with cyanide. Crushing with cyanide complicates th(^ sampling of heads, 
owing to dissolved values, but has many advantages, dissolution of gold beginning 
as soon as the ore enters the mortar or mill, and the oidy w^ater introduced into the 
syst(‘m being original moisture and that us<‘d as a final w’ash. From 50 to 75 per cent 
of tin; soluble gold may dissolve during milling, but wdth silver, solution is much slower. 

Sand Leaching. — Sand is leached in vats wdth filter bottoms, filtration being 
efff'cted by gravity, in some cases aided by the application of a vacuum beneath 
the filter. The vats are (iylindrical, of st<‘el or wood, redwood or cypress being 
genially pref(irr(‘d on account of their durability. They must be made absolutely 
watertight, with substantial foundations, preferably parallel walls of concrete arranged 
to allow of easy inspection of tlui bottom and sides. Vats of reinforced concrete have 
been used, of various shapes, made tight by the use of bituminous coatings. Wooden 
vats should have the staves doweled, bottom boards either doweled or grooved for 
the insertion of pine tongues, and bottom end joints made wdth metal tongues. The 
bottoms should have a slight slope tovvard the solution outlet. 

Filter Bottoms. — A ring of wood is placed around each bottom, about 1.5 in. 
from the staves or side, forming an annular channel for the rope used to secure the 
stretched filter; the height of this varies, but should be 3 to 5 in. for large vats. The 
space inside this ring is occupied by some form of wooden grid of equal depth. One 
of the best forms is a system of parallel strips, set edgewdse and notched or crozed 
on the under side for half their depth so as to allow of free circulation. For instance, 
the strips may be 2 X 4 in. or 2.5 X 5 in. with notches 4 or 5 in. long and 4 or 5 in. 
apart; the strips themselves are nailed down 2 or 3 in. apart. A similar effect is 
produced by continuous 2X2 in. strips laid parallel and resting on similar but short 
pieces 6 in. apart, laid crosswise on the bottom with spaces between their ends; or 
the pjcrallel strips may rest on short blocks through which the nails pass. 

Upon the strips is laid a circle of coconut matting, sewn and hemmed, and fas- 
tened on the ring by occasional nails or staples. Over this is the filter proper, of heavy 
canvas, cut somewdiat larger than the tank bottom, tightly stretched, and fastened by 
driving an inch rope into the r()cess round the tank bottom. In South Africa, hessian 
(burlap or hop cloth) has been laid on the w^ood grid, and coconut matting above this. 
When vats are discharged by shoveling, the upper cloth must be protected by boards, 
say G in. wide and a few inches apart, or by wider boards with numerous holes 1 in. or 
larger. 

Around bottom discharge doors a tight w^ood ring is built up, of the same height as 
the filter. Near solution outlets all approaches must be kept clear. Near such out- 
lets it is well to have a movable false section .of bottom, which can be lifted occasionally 
to remove accumulated fine sand which may pass through holes in the filter. The 
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canvas filter should have a valve or opening, which can be closed by tying a sleeve 
sewn into it, to release air when the water is introduced. 

Discharge Openings for Sand Residues. — These may be placed in the bottom 
of the vats or in the sides close to the filter bottom. In the latter case some of the 
hoops or rods for wooden vats must pass round the gate frame, or connect with 
the frame. Sluicing gates in the bottom should be near the sides, with one in the 
center of a large vat; for shoveling they should be so distributed that each serves 
a nearly equal area, but they should also be placed in straight lines so grouped as to 
require a minimum number of car tracks or sewers beneath the vats. 

Side doors are rectangular; bottom doors may be round; they open outward and 
are conveniently hinged, and secured when closed by swing bolts or by a hinged 
lever arm tightened by a swing bolt. They may be of pressed steel or cast iron, maqe 
tight by square packing. A convenient center gate is that of Merrill, closing tight 
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Figs. 11-12. — Typical flow sheetn of s\icccH.sfiil gold-milling installations:^ 11, a simple 
flotation plant with a jig recovers metallics in the grinding circuit; 12, the jig recovers non- 
floating minerals, and the unit flotation cell following it recovers a coarse bulk concentrate 
and reduces slime losses. 


an iron ring, and lifted from above by a threaded central rod in a column of pipe; 
the latter may also serve as support for a movable Butters distributor. To diminish 
resistance in lifting, such bottom valves should be made with the top an acute cone. 

Leaching vats may be filled with current mill pulp, or with dam sand, conveyed 
by water or solution, or with dry sand or crushed ore. The main consideration is to 
secure uniform distribution and uniform permeability. If loaded wet, the vat should 
be first filled, or at least partly filled, with water or solution. 

The total overflow during filling * original water 4* conveying water — intersti- 
tial space in charge original water total volume pulp fed — net volume of sand 
in charge. 

Wet sand is usually fed through a Buttcrs-Mein distributor (the revolving lawn- 
sprinkler type) with six or eight arms of \}4r o** 2-in. pipe of differing lengths ending 
in elbows with flattened lips. For uniform filling the tank bottom is divided into equal 
annular areas, each radial pipe terminating nearly over the middle of a ring. The 
overflow is carried off by an annular launder, usually outside the staves, but sometimes 
built inside. With cheap labor, as in Africa and Mexico, filling was often done by a 
man with a hose. 

* flow sheets furnished by the Denver Equipment Co., Denver, Colo. 
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As soon as filled, the sand is allowed to drain, and solution is applied to the top ; 
it may be applied as a spray or allowed to pour upon the sand — ^in the latter case 
sheet-iron pans are used to prevent washing holes in the surface. 

In filling with dry or drained sand, conveyers may be used — a main belt running 
along or between rows of vats, with a traveling shuttle belt across the vats — ^with 
automatic discharge. Or the feed may discharge over the center of the vat and slide 
down a radial inclined shoot with adjustable openings, the shoot being gradually 


Feec/ 



Figs. l.VU.—Typical flow .sheets of successful gold-milling installations:^ 13, a small 
batch cyanidation plant may Ih' used to obtain all-bullion products; 14, a jig removes coarse 
gold ahead of cyanidation, improving recovery and eliminating erratic tailings. 

movnd round the vat by hand. Or l.arrows, cars, otc., may bo simply dumped 
over a coarse grating supported just above the top of the vat. 

When filling with dry or drained sand, some hours of treatment time may be 
saved })y simultaneously introdxicing solution below the filter bottom, so that it 
rises through the sand about as fast jus the sand accumulates. As soon as the vat is 
filled and solution reaches the top, the bottom supply is cut off and normal downward 

leaching is started. . x- 

Direct treatment in the same vats in which sand is settled wet is only practica e 
when colloids are absent or have been washed out almost completely by cones. Spitz- 
kastm, or other classification systc^ms. Filtor-bottomed collecting vats are sometimes 
used, and may be superimposed above the treatment vats, the settled sand being 
transferred to the latter by shoveling or by an excavating machine, such as the 

» These flow sheets furnished by the Denver Equipment Co., Denver, Colo. 
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Blaisdell. Instead of an annular overflow launder for the collecting tank, vertical 
slots have been used in Africa for overflow water outlets, the outflow level being auto- 
matically raised by roller-blind devices carried on floats, or it may be raised by 
cast-iron rings placed above a bottom opening. 

In double treatment, the sand is collected and drained in such tanks, and given a 
preliminary cyanide solution treatment to displace the water; it is then transferred to 
the treatment vats below, where leaching is completed. The aeration thus secured 
is beneficial. 

Caldecott’s continuous-collecting system for sand consists in classifying with dia- 
phragm cones and draining the thickened sand on a slowly revolving horizontal table, 
about 20 ft. in diameter, provided with a wide annular filter of coco mat and calir^o 
supported on wire screen. Here the sand is dewatered by a vacuum of about 5 |b. 
per sq. in. and removed by a fixed plow; it falls on a belt conveyer and is convej^' 
to the treatment vats. 

Leaching. — The manner of applying solution varies. Gold dissolves rapidli, 
especially from fine sand, giving rich eflfluents in the early stages of leaching, th' 
value falling off rapidly; silver often dissolves slowly, showing less difference in th 
value of the effluents with time. For instance, a particular ore yielded 70 per 
cent of the extractable gold, but only 35 per cent of the extra (;table silver in the 
first quarter of the total effluent solution. Hence, by pn'cipitating only tlu; first 
half of the effluent, and using the later portions fortificnl in cyanide for the early 
treatment of succeeding charges, the volume precipitated is minimized, so that it may 
be possible to make good extractions while precipitating not more than half a ton of 
solution per ton of siind. 

The strength and the alkalinity of solution and the number of hours of contact, 
must be determined to suit each case, and great saving may result from adjusting these 
conditions, and the degree of comminution of the or(‘, aft(‘r tlie goiuTal tn^atment has 
been established. 

When two solutions are used, the strong is generally applied first, and the weak is 
followed by wash water sufficiemt to displace it. The wash water and winter in moist 
or water-crushed ore mix with the solutions to some extent, yielding first and last 
drainings” of low NaCN content and low in precious metals. pre.servtJ the 
volume of plant solution constant, these drainings, or low' solution, are best precipitated 
separatidy and the barren run to waste. A slight saving is cffectetl by using a buffer 
of this barren solution just before the w^ash water. Sometimes a little weak solution 
is similarly used before the strong; this is advisable if cyanicides have not ])eon 
removed previously. 

When dry ore is crushed in cyanide solution, the final w’ash w ater must be rcigiilated 
to make up the deficit in solution that w^ould occur otlierwisc. 

The “leaching rate” of sand is measured by the fall per hour in th(‘ surface of 
solution standing over a charge of saturated ore in the vah Good extractions are 
usually obtained with leaching rates of 2 in. or nmre per hour; at 1 in. more care is 
necessary, and slower rates are generally dangerous, shortening the time of (jontact 
by reason of the longer washing period necessary. As the voids in setth'd sand are 
usually about 50 per cent of the volume, solution descends through sand at about 
double the surface leaching rate, and the hours required for displacement of solution 
by wash water may be approximated by dividing twice the surface rate into the inches 
depth of charge. 

With sand of given character, the leaching rate is not much retarded by a moderate 
increase in depth ; the effect of depth is largely offset by increased head. An extremely 
thin layer of slimy material may, however, affect the rate profoundly. Application 
of a vacuum beneath the filter b<»itom was formerly practiced, when classification was 
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usually imperfect; while increasing the flow it tended to cause packing of the charge 
and lower the normal leaching rate; it may be used with advantage in the final washing 
stages. 

Solution may be supplied continuously to the charge, or may be added at such 
intervals as to allow the surface to become drained and thus entrap air. Solution is 
sometimes circulated repeatedly through a charge by an air lift or pump returning it 
from the bottom to th('. top; this gives the desired aeration, but the ultimate removal 
of precious metal is retarded. IMaceration or soaking by closing solution outlets for 
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Figs. 15--1G.- Typical flow sheets of successful gold-milliiig installations 15, combina- 
tion flotation and cyanidation permits milUng both oxides and sulphides; IG, cyanidation of 
flotation coucenlrates produces all bullion. 

long periods is an obsolete practice, but a too rapid flow should be controlled to avoid 
precipitating unnecessary solution. 

Tanks —For economy of material a round tank of uniform thickness should 
have a depth equal to one-half the diameter, for economy of hoops the shallower 
thc) better, for economy of foundation the reverse. A common compromise is to 
make th(^ depth oncvfourth to onc*-sixth the diameter. In steel vats the bottom 
is usually at least he thicker than the side.s; these also may be lighter toward 
the top. Steel tanks are riveted and have a ring of angle steel surrounding the 
bottom; a similar ring is often used at the rim, and deep tanks may be stiffened by 
a ring of T iron or a channel section round the middle. lor wooden tanks, round iron 
or steel hoops are preferable to flat ones, which often develop rust on the underside. 

‘ These flow sheets furnished by the Denver Equipment Co.. Denver, Colo. 






322 


N0NFERR0U8 METALLURGY 


To get the full strength, the ends should be suitably upset before threading, and the 
section at the bottom of the thread considered in calculating strength. For sizes 
requiring over IH-in* round it is preferable t-o use IM-in. or larger square steel. The 
sizes may increase by from yi iii- at the top, and the spacing be made correspond- 
ingly closer as depth increases. Heavy hoops and rings must be rolled to the proper 
curvature before use, and hoops must be provided with properly designed couplings. 

Ill calculating the necessary cross section of hoops or thickness of side, wet sand, 
like slime pulp, must be (considered as a perfect fluid, as there are times when it is 
dangerously near that condition. Settled sand may be assumed to have 50 per cent 
voids, when the specific gravity of the wet mixture p is 0.5(d + 1) where d = specific 
gravity of dry sand. 

D ~ dianucter of tank in f(cet. 

H = depth from top to center of ring (or hoop) considered, in feet, 
p = specific gravity of pulp [= 0.5(d + 1) for wet sand]. 
i thickness of steel vat in inches at depth H, 

W = inches width of ring controlled by hoop in wood vat at depth H, 

Strain on square inch cross section of steel sheet == - — lb. 

Total strain on cross section of hoop = 2.QV/DHp lb. 

Thus, with a steel tank 50 ft. in diametccr, the metal ^4 in. thick at a depth of 10ft., 
when filled with wet sand of specific gravity 2 . 8 (p = 1.9), stands a strain of 

2.6 X 10 X 50 X~^ = 9880 lb. per sq. in. 

Similarly w'ith a wooden vat undccr the same conditions, a hoop 10 ft. from the tx)p, > 
spaced 6 in. from adjacent hoops, is subject to a strain of 

2.6 X 6 X 10 X 50 X 1.9 = 14,820 lb. 

and for a factor of safety of 5, the hoop must be capable of standing 74,000 lb. 

Leaching in the Filter Press. — This includes collection and (‘-oinplete treatment 
in the press, and usually requircis solution to be applitui under a pressure of at least 
30 Ib. per sq. in. Separated slime or all-slimed ore, suitably thickened, is fed into the 
press by gravity, monte-jus, or pump, until filled. Alternate plates are then con- 
nected with compressed air and the water displa<;(^d. Solution is next applied tlirough 
the same channels, and leaching (which may involve several solutions and may be 
alternated with air treatment) is continued as long as gold dissolves; it is then dis- 
placed by wash water, and the solid is finally discharged. 

The Dehne press, used in Western Australia for roasted ore and in some cases for 
raw slime, was opened and dischargi^d by hand; it did not differ esscmtially from the 
ordinary platc-and-fraine press. Treatment was comphited in some cases in a 2- 
or 3-hr. cycle, but operation was expensive, even when opening and closing were 
effected by hydraulic power, and it was generally found preferable to dissolve the gold 
in agitators and use the press for filtering and washing only. 

The Merrill press discharges the solids by mechanical sluicing through a bottom 
channel provided with ports, making it possible to use a press continuously for many 
months without opening or changing cloths. Sluicing is effected by a series of nozzles 
in a rotating pipe or bar running the full length of the press and requires 3 to 5 tons of 
water per ton of solid, depending on the character of the latter; much of this water 
,lpay be recovered, if desired, by a thickener or rotary filter. While the first cost of 
this filter is comparatively high, the treatment requires a minimum of labor. With 
granular slime, a 4-in. frame is suitable; if extremely fine or flocculent, a 2- or 3-in. 
cake is preferable. Center washing may also be used, in which case the cake is not 
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made to fill the frame completely, and air and solution are applied through the central 
opening in each cake instead of passing crosswise through the frame. In this case 
the cake is loosened by applying air for a short time behind the cloths prior to 
sluicing. 

Leaching in the press is essentially similar to gravity leaching of sand, but much 
more rapid, occupying hours instead of days. For instance, with lioinestake ore, the 
coarser mill sand yielded 70 per cent of its gold by leaching in a 7-day cycle; if reground 
this yield increased to about 80 per cent, the finer portions of the sand yielding 90 
per cent. The slime and fine sand treated in the Merrill press yield 90 per cent in a 
cycle of 8 to 10 hr., of which 1 hr. is consumed in filling and one in sluicing. The 
operating cost in each case is about the same. 

The Sweetland press has a cylindrical shell, opening by a hinge, the circular plates 
being tipped for discharge. 

Simple Decantation. —In this process of slime treatment the material was agitated 
with cyanide solution and allowed to settle; the clear supernatant liquitl was decanted 
off by a swinging pipe or flexible hose supported by a float that k(*pt the inlet near the 
surface. This liquid was n^placed by barren or low-grad(i solution or water; mixing, 
settling, and dcM^antation wert' then repeated, and the same cycle might be repeated 
several times. The first decantate was always precipitated, sometimes the second 
or third, and the ])arr(;n solution used with later di'cantates or washes for the make-up 
on a 8U(!C(‘eding charge. The thickened residue, including more or less low-grade 
solution, was finally run off to a dam, or in some instances filtered. Some liquid 
separated on the darn and was sometinn's pumped back for use in washes. 

SiKJcessive agitations wer(» carried out in the same vat — using mechanical agitation 
often aided by air — or, in a scries of vats, one for each stage. In the latter case time 
was saved by hydraulicking the setthid slim(» with solution or running it by gravity 
into a vat already containing solution, or, if the vats were on a level, a centrifugal 
pump was used with arrangements for drawing in a certain proportion of air for oxida- 
tion. Lime was commonly added to facilitate settling. 

The process was adaptable to existing shallow vats by addition of an arm or 
paddle agitator. In South Africa, large shallow vats were used with bottoms slightly 
coned, but it was found that, with increased depth, air agitation could be advan- 
tageously substituted, and this k^d to the development of the extremely deep Pachuca 
tank by F. C. Brown at Komata Reefs, New Zealand, in 1902. 

The Pachuca may be 10 X 30 X 45 ft., with a central air lift one-tenth the diameter 
and a cone bottom inclined GO deg. In addition to the lifting air, a second small pipe 
W'as added for stirring settl(‘d slime, hnd later a spider or movable set of radial pipes 
surrounding the air lift for the same purpose. The air outlets were valved or covered 
wdth flexible nibber to prevent entry of slime when the air w^as cut off. 

At Waihi the Brown vat w^as used for crushed ore in connection with the Moore 
filter; at Goldfield and Treadwell it was used for fine-ground concentrate, and the final 
removal of solution was effected wdth a Kelly filter press. 

Continuous or series treatment (not to be confused with countercurrent) was 
first used by Grothe and Mcrmell in 1908. The cyanide pulp is transferred through 
a series of three to six Pachuca tanks, maintaining it in agitation, thus saving the time 
occupied in emptying and filling, settling and stirring, and avoiding loss of head, 
except a few inches between successive tanks. The connecting pipes between adjacent 
tanks are set at a downward angle of about 00 deg., with an intermediate section of 
rubber hose. After leaving the agitation system the pulp passes to a suitable filter, 
an intermediate storage tank being usually provided in advance of the Moore and 
Butters filters, which have been much used. This is unnecessary with rotary filters, 
which are automatic and almost equally effective. 
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By keeping the outlet at a suitable distance from the surface, any considerable 
accumulation of sand is prevented; a certain accumulation of sand in the system 
is desirable, giving the coarser particles a longer treatment time than the average. 
Shallower agitators, as the Dorr, Trent, or Parral, may be used ; the dis(^harge may 
also be selected by other means. Short circuiting of some particles must inevitably 
occur, but in a series of tanks the probability of this is decreased. 

The intermittent vacuum filters (Moore, Butters, et(^) and pressure filters (Burt, 
Kelly, etc.) require more attention, but are more flexible in application, as treatment 
can be completed in them, as well as washing and dewatering; rotary vacuum filters 
(both the drum type, Oliver, and Portland, and the Armjrican or disk type), ar(i 
practically restricted to washing and dewatering. Dewatering may be carried b.\ 
any of these filters to about 25 peir cent moisture. 

In the Kelly system the agitators are followed by two sets of rotarj^ washing filter^ 
in series; the cakes discharged from tlui first set are repulped wnth wash solution\ 
or water in intermediate mixers to a liquid ratio about 1:1. The loss of dissolved \ 
value in the final cake is thus minimized. \ 

Continuous countercurrent decantation, an adaptation of a wfdl-known priii- ^ 
ciple,^ was attempted in cyanidingby Uandall (South Dakota) in 1901 and by Denny 
(South Africa) in 1903, using cone-shaped agitators. It was made a practical success 
by the application of the Dorr thickener, a s(‘ries of three* to fiv(' of th(*s(‘ b(*ing used, 
together with a number of agitators, the ore being usually crush(‘d in solution. 

After leaving the first thickener, the partly thi(;k(*ned pulp passers through tlu; group 
of agitators, which may be in series or series parallel, and then through the remaining 
thickeners, and is discharged with or without filtration. By sc'tting the last* thick- 
ener highest, and the others in steps leading to it, the decanted solution flow^s back by 
gravity in the opposite direction to the solid, while the thickened pulp is transferred 
by diaphragm pumps. If on a level, the solution may ho inovcnl by air lifts. Excess 
solution from the first thickener is precipitated and returned to the second or third 
one from the end; cyanide is added to one of the agitators. 

Points essential to success are solution of the maximum gold or silv(u before leav- 
ing the agitator system and efficiency of settling in succeeding thickeners, to at least 
60 per cent solid if possible; in most cases, and always if tlu^ per(^(intag(^ of solid in 
effluents is under 50, the final discharge should bo troat(‘d on a rotary filter to reduce? 
soluble losses. Underflow solution is always slightly richer than overflow^, owing to 
some dissolving and to diffusion of adsorbed or absorbed solution. 

The flow sheet of United l^Jastcrn mill shows conditions prevailing with a pulp 
difficult to settle. Theory and practical applications are discussed by Eames,^ Dorr 
and Dougan at Elko Prince,^ and W. O. North at United Eastern.^ 

^ The countercurrent principle allows the original ore to be treated with solution faitly ricii in precious 
metal, but when partly exhausted, it must come in contact with poorer solutictns, finishing either with 
wash water or with solution carrying only traces of value. The valuable conlcnt of the reagent should 
be as closely as possible proportioned to that extractable from the ore it meets. 

An approach to this ideal is the conveying of crushed ore through a launder or horizontal pipe while 
a slow stream of cyanide solution travels in the opposite direction. Mere prolonged agitation, or the 
continuous passage of puli) through a series of agitators without a countercurrent, is entirely opposed to 
this principle, the solvent becoming enriched as the ore is impoverished. 

In any continuous system the time an average particle remains in any thickener or agitator is found 
by dividing the weight of pulp passing hourly into the total weight of pulp contained in that unit. The 
arrangement (series or parallel) of any group of units does not, therefoie, affect the average time occu- 
pied by the pulp in passing the group. Lengthening out the scries of units decreases the probability 
of the rapid escape or short circuiting of any particle. (C’/. pp. 181 to 184, of the volume entitled 
“Principles and Processes.”) 

* Tram. Vol. 57, p. 142. 

* IWd., Vol. 60, p. 84. 

Vol. 68, p. 548. 



HYDEOMETALLURGY OF GOLD AND SILVER 


325 


Residues may be discharged by sluicing where water is plentiful, and in some cases 
carried off by convenient streams, but more commonly require to be settled in dams. 
In some localities substantial dams must be built of concrete or masonry, or heavy 
timber, but it is more usual to construct the dam from the coarser portion of the 
tailing itself. Sometimes empty cyanide boxes or drums are filled with sand to form 
the initial wall, or cells of light woodwork are similarly filled, or the tailing itself is 
shoveled up to form a r(*,taining wall. The sluiced tailing is then roughly classified in 
such a way as to deposit the coarser material near the dam wall, while the finer settles 
nearer the middle, where a steeply inclined or vt^rtic^al overflow box may be arranged, 
the overflow lev(d being gradually raised by adding slats when necessary. Where 
possible, it is conv(,‘nient to have two or thr(‘e dams or sections, one of which may drain 
and consolidate while another is in use, the more solid portion being then shoveled up 
to form the wall. A fair proportion of clayey material, or of contained lime, makes 
an excellent binder for the heavy sand, so that such dams may be built up on suitable 
slopes to a gri'at height. 

Sand residue may be removed by shoveling through bottom doors or by a mechani- 
cal excavator, such as the Blaisdell, and carried off in cars, or by aerial conveyers, or 
by a conveyer b('It which may delivtT it to an elevating stacker. Slime, dewatered 
by a rotary or other filter, may be similarly (carried off. 

Or the tailing, sluiced or in (^ars, may be used for filling the stopes from which it 
originated; if more than a trace of cyanide remains, it may be necessary to decompose 
it by addition of permanganate. 

Slime residues, thick(?ned or settled without a filter, may usually be conveyed in 
pipes, but require a large area for satisfactory colhnjtion. 

Watercourse's below residue dams an^ liable to contamination sufficient to cause 
the death of birds and animals unless due precautions are taken. Whenever possible, 
it is desirable to pump any accumulated liquid back to the plant as a matter of pre- 
caution, as well as of economy on account of contained cyanide and precious metal. 

‘^Dissolved values^’ carried to residue dams behave differently according to 
climatic conditions. In arid regions, evaporation takes place rapidly and salts efflo- 
resce at the surface, forming a thin layer of much enriched material — in some cases 
worth $100 per ton — ^i^iiich may be collected from time to time by careful sweeping or 
scraping, and r(;turm*d to the plant. Where the rainfall is fairl.y heavy, the surface is 
usually impoverished; in some cases reprecipitation takes place on organic matter 
near the floor of tln^ dam, in others some recovery may be made by precipitating the 
seepage by zinc boxes or, if acid, by scrap iron. 

Similar dams may be used for the st/orage of untreated tailing intended for subse- 
quent treatment. I'hese should be construc^ted with a view to the reclamation of the 
tailing, removing tre(^s and other obstructions, leveling the bottom, and excluding 
organic matter when possible; sand and slime may advantageously be segregated. 

PRECIPITATION 

Electrolysis as a mode of precipitation attracted many inventors as it seemed 
reasonable to expect a large measure of regeneration. Siemens & Halske used 
multiple iron anodes and thin sheet-lead cathodes, which were to be removed and 
cupeled after accumulating a suitable amount of gold; the current was of low voltage 
and a density of 0.04 to 0.06 amp. per sq. ft. The iron anodes were encased in hessian 
(burlap), but much Prussian blue and other by-products complicated the process, 
and the loss of iron was 0.3 to 0.5 lb. per ton treated. The main difficulty was the 
excessive >^ilectrode area and tank volume required approximately to exhaust a solu- 
tion, the electrodes being 1 to 1.5 in. apart and 20 sq. ft, or more in area. 
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Butters modified the process by using tinned iron cathodes and much higher cur- 
rent density; Andreoli invented anodes of lead coated with lead peroxide; Cowper- 
Coles used anodes of peroxidized lead and cathodes of aluminum, from which the 
deposit(^d metal was to be stripped in sheets. 

Several inventors attempted to precipitate the gold as an amalgam by using as 
cathode a layer of mercury or an amalgamated copper plate. Some filtered the solu- 
tion, others attempted to precipitate on plates suspended in thc^ pulp during agitation; 
some added common salt to increase the conductivity, but in no case was entire suc- 
cess attained. Pelatan and Clerici introduced stweral apparatus for this purpose, and 
others were devised by Riecken, Hendryx, Oliver, Mumford, Hebaus, and Noriega. 

Sodium and Sodium Amalgam. — The ideal precipitant for gold and silver from 
cyanide solutions would be metallic sodium, completely regenerating the alkaline ^ 
cyanide: 

Na + NaAu(CN )2 = Au + 2NaCN 

Attempts to use this reaction by means of sodium amalgam have not met with 
practical success. Molloy proposed to make metallic sodium by electrolysis of Na 2(^03 
solution with a mercury cathode communicating with and diffusing into a body of 
mercury kept in contact with the cyanide solution; others sprayed sodium amalgam 
through a rising stream of solution, or kept it moving by means of amalgamated disks. 

Aluminum and zinc stand next to sodium in tlu; line of available positive metals, 
and have proved tht^ most practical precipitants for gold and silver. l']ach replaces 
silver in solution, but aluminum forms no double cyanide and requin^s the presence 
of some free alkali. The equation 

A1 -h 3NaAg(CN)2 + 3NaOII = GNaCN -f 3Ag -f Al(OH )3 

indicates the complete regeneration of NaC^N and the formation of alumina, which, 
however, dissolves in NaOH to form an aluminat(5, which may be assumed to be 
NaAlOz. The NaA102 reacts with C'aO in solution to form insoluble CaAl 204 . Gold 
is not readily prec!ipitate(l by aluminum, unless a fair proportion of silver is present; 
mercury is, precipitated but copper is not. 

Aluminum dust has been successfully used in silver mills at (bbalt; it is fed in a 
manner similar to zinc dust, but must be retained in a sp(*cial agitating tank to 
increase the time of contact. Hamilton’s system, in us(i at Butters’ Divisadero plant, 
involves the removal of calcium by a minimum of soda ash prior to adding aluminum, 
the aluminum passing into solution Ixiing later throwui out by lime used in the mill. 
Hamilton states that, in practice, 1 part of aluminum pr(‘cipitates only 3 of silver in 
place of the calculated 12, the difference being mainly due to a reaction with NaOH 
to yield hydrogen. Alumina in the precipitate makes refining difficult. 

With zinc, the essential reaction is, similarly, a replacement of gold and silver, 
the zinc going into solution as double cyanide: 

Zn + 2NaAu(CN)2 = Na2Zn(CN)4 + 2Au 

No regeneration is apparent, but the double cyanide thus formed has a marked solvent 
action on gold and silver, which is increased by the presence of free alkali up to a ratio 
of about 4NaOH for each molecule, or about two and a half times the weight of zinc. 
Precipitation is complicated by side reactions, especially the evolution of hydrogen 
by reaction of Zn with NaCN and NaOH forming additional Na 2 Zn(CN )4 and Na2Zn02 
(zincate); this H further reacts to form sulphide by reduction of NaCNS and other 
sulphur salts, the Na 2 S then precipitating Pb, Hg, or Ag as sulphide instead of metal. 
Some precipitation of Hg, Cu, etc., is due to direct action of zinc. Christy and others 
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have written equations purporting to show a definite proportion between Au and H 
produced, but there is no fixed relation. 

Zinc shaving was recommended by Mac Arthur and Forrest for a '^metallurgical 
filter” after testing various forms of zinc. U. S. patent 418138 (1889) describes a 
vessel or series of vessels, with perforated false bottoms, carrying a sponge of "filiform 
zinc” cut by turning tool from a serkis of zinc disks, solution being arranged to rise 
through each section of a set of boxes or compartments. 

Zinc boxes are made of wood or steel, occasionally of cement, sometimes in units 
but usually in a series of five or six similar compartments, each with a false screen 
bottom, the new zinc being added at the lower end and moved up as it disappears 
from the upper end. Each section usually has a plugged bottom hole communicating 
with a pipe or enclosed launder which leads to a tank or receiver for use at the cleanup; 
the top is often covered with coarse screen as a precaution against theft. At a 
cleanup, the fine material is shaken down and washed through the screen bottom, and 
drawn off or w^ashed down to the receiving tank, from wdiich it is pumped to a small 
filter press. A considerable amount of precious metal is ludd back by the residual 
zinc moved to the liead compartments. Some "short zinc” often has to be separately 
treated. It is advantageous to increase the space beneath the false bottom of the 
head compartments. The actual zinc-filled space usually recommended is 1 cu. ft. 
for each ton of solution daily pn^cipitated, but in practice it may Ix^ one-quarter to 
double, this. Five* compartments are usually sufficient, but it is advisable to keep an 
tiinpty (?ompartment at the tail end. 

Suitably packed, a cubic- foot of fine zinc shaving w('ighs about fi or 7 lb., but the 
coarser material used for silver may weigh 14 lb. It is now made by soldering together 
sheets of rolled zinc and coiling this closely on a roller or mandrel, which is then set in a 
lathe and cut by a chisel making an oblique cut at the ends. It is desirabh? when 
cutting to wind th(5 thread into hanks of a siz<^ to fit the })ox(*s in which it is used. 

If th(i shaving is assumed to he a continuous rectangiilar strip of width a and 
thickness h in., the surface*, exposed by 1 lb. of zinc is 

0.055 sq. ft., or nearly if thin 

If the section is not rectangular, but a parallelogram of angle A, this must be multi- 
plied by cosec A. 

Zinc dust as a practical gold precipitant was first used by Sulman at D(dorc, 
Ontario, added intermittently to a rising stream of solution in an inverted cone, 
and passing to a filter. Later Waldstein and others added it by sprinkling it dry or 
as an emulsion in large charges upon vats of solution in a state of agitation, which 
was then pumped through square filter presses. Merrill introduced the practice of 
feeding it continuously to a moving stream of solution and using a triangular filter 
press; this system is now in use at nearly all the larger plants on the American conti- 
nent, and is gradually displacing shavings elsewhere. 

Feeders of several types are in use. One of the best is a slow-moving horizontal 
belt, on which a charge sufficient for several hours is spread in a uniform layer; this 
falls into a small mixing cone through which a trickle of auxiliary solution conveys it 
to the pump suction pipe. Another is a hopper at the outlet of which revolves a 
roller or pulley which removes a narrow ribbon of dust, the thickness of w^hioh is 
regulated by an adjustable slot. Or the zinc may be removed from the hopper by an 
augerlike horizontal screw. These feeders require a jarring mechanism to prevent 
the dust from adhering or bridging. Sometimes a miniature tube mill is added as a 
mixer.' For accurate measurement it is convenient to have duplicate tanks of 100 or 
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200 tons capacity, which are precipitated alternately, but a large single tank may be 
pumped continuously while solution flows into it. 

Abandoning air agitation effected a considerable saving of zinc, but the most 
marked improvement in precipitation has been the Crowe process of removing air 
from the solution by passing it through a vacuum tank on its way to the pump and 
just before introducing the zinc. Percolation through sand (slarifiers containing some 
finely divided iron and pyrite has been recommended. In precipitating gold, the 
practical minimum of zinc dust is now between 0.1 and 0.05 lb. per fluid ton, or 25 to 
50 parts of zinc per million of solution. When starting a press after a cU'auup, it is 
advisable to add 50 per cent or more dust in excess of the normal charge; this is 
gradually diminished in successive charges until the regular amount is reaclu‘d. 

If zinc dust consists of ecpial spherical partich's of diameter d in., 1 lb. exposes ai 
surface of 0.165/d sq. ft., and contains 7.544 /d-^ particles. At an average diameter oil 
1/10,000 in., 1 lb. exposes 1650 sq. ft., and 0.1 lb. spread through a ton of solutiom 
gives some 13,600,000 particles to the cubic inch. \ 

For complete reaction 1 unit weight of Zn precipitates 6.03 units Au, 3.30 Ag, \ 
or 1.93 CM, but the efficiencies oblained in practice are often extn'inely low, some- \ 
times only a fraction of 1 per cemt with low-grade gold solutit)ns; with rich silver solu- \ 
tions 50 per cent may be reached, if complete exliaustion of the solution is not aimed 
at. Gold solutions can usually be pr(?cipitated with zinc dust to within 1 cent per 
ton, with less expenditure of zinc than shavings require. 

The best zinc dust was formerly imported; it usually contairu'd about 2 per cent 
lead and often some cadmium ; a much more efficient dust is now made, in the United 
States, practically free from foreign metals and extremely uniform in size, the finer 
grades nearly all passing a SOO-mesh sieve. It invariably contains oxide, often 
J^lw^n 5 and 10 per C(‘nt Z;i,Q. but this is not visible under a microsc^oja’, wiiich shows 
uniform bnglif spfi^f-idfels. ,,^“^irface layer of 10 per cent ZnO on 

spheres would be loss than one-fiftioth the diamet^i Kxtremcj fineness is advan- 
tageous with low-grade gold solutions, but not necit^ssary with’ the higiibr'\ .metal con- 
centiations obtained from silver ores. 

With zinc dust, 1 sq. ft. net filter surface suffices for 1.5 tons (or 50 cu. ft.) solution 
per day, or 6 tons per hr. per 100 sq. ft.; with clear solutions a pr(‘ss may be run for 
long periods at double this rate. Golloidal suspended matter soon increases the pres- 
sure and reduces the pumping rate. For gold solutions 2-in. distamu' frames are 
suitable, 3- or 4-in. for silver. On opening a press most of the cake falls into the 
wheeled tray placed beneath; the remainder is easily removed b.y serrapers. 

The practical efficiencies obtained with zinc dust, and the accumulations of zinc 
in solution, have averaged about the same as with shaving. 

The dust process involves a more expensive installation than zinc shavings, but 
has the advantage of greater compactness and cleanliness, and involves less labor 
in maintenance and cleaning up as w^cll as leas risk of theft. The periodical cleanup 
is absolute, while a holdover of several thousand dollars' worth of precious metal 
commonly occurs with zinc shavings, and make^j it impossible to compare the actual 
with what is often called the ‘^theoretical" recovery. After a destructive fire, pre- 
cipitate in a filter press has been found intact, w'hile zinc boxes have entailed great 
difficulty in the attempts to recover their contents. At a gold plant a press occupying 
a floor space of 5 X 14 ft. can easily carry a month's accumulation of $40,000. 

The comparative cost of the two systems at any time depends, of course, upon the 
wage scale and the relative prices of zinc dust and spelter. The Crowe process effects 
an economy in both. 

Zinc in other forms has occasionally been used as a precipitant, such as small 
disks, slugs, or balls in a rotating cylinder or pan through which solution passed. 
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Sodium sulphide, Na 2 S, does not appreciably affect gold or copper in cyanide 
solution, but precipitates silver as AgaS from NaAg(CN) 2 , at the same time regener- 
ating NaCN and carrying down some gold in the presence of a large proportion of 
silver. Owing to the reversibility of the reaction, either precipitation must be 
imperfect or a slight excess of NaaS must remain in solution, which is an objection 
to its use, as is also the necessary further treatment of the precipitate. It was 
patented by Janin and Merrill in 1894, but was not used until adopted at Nipissing 
as a substitute for the expensive aluminum dust. The precipitate is here reduced 
to metal by the Denny process, by contact with slugs of aluminum in a tube 
mill. 

Carbon as a Precipitant. — Graphite has no precipitant action whatever on gold or 
silver in cyanide solution, nor has wood fiber (cellulose). Charcoal, partly burned or 
charred wood, some varieties of decaying wood, and some of the carbonaceous material 
found in certain black or “graphitic*’ shales and slates, all precipitate gold from its 
solutions, some of them rapidly, and in some cases they may prevent its solution. 
Freshly burned charcoal is most (uuTgetic; after long storage it is much less effective, 
but th(j precipitating property may be largely restored by reburning. It is usually 
assumed to be due to oc,cluded gases ((/O or II), but nothing has been definitely deter- 
mined on this point; these gas(;s and the hydrocarbons in th(nr ordinary form are quite 
inert. Coke and some varieties of coal have some precipitating effect, and in South 
Africa (Jald(^cott palented the use of partly burned coal as a precipitant. In Aus- 
tralia, charcoal has been used to som(i extent as an actual precipitant, but the large 
voluiiK' required makes it inconvenient, and the finai recovery of the gold is trouble- 
some. Silver also is l(*ss completely precipitated. 

The discovery, (hiring tlie First World War, of means of activating charcoal, and 
the known high activity of coconut shell and other dense charcoals, and of kelp char, 
and t he fact that fresh pine charcoal is almost equally effective as a gold precipitant, 
all sugg(ist that charcoal has some practical possibilities if a better mode of application 
is discovered. Agitation with finely powdered, recently burned charcoal followed by 
filtration gives promising results on the small scale. 

Edwards at Viianmi, Western Australia, used three Butters-type vacuum filters 
in series, each of 2fi0 s(j. ft. surface and charged with 300 lb. of ground charcoal; this 
system pr(?cipitated 280 to 420 tons daily, leaving 7 to 8 (merits gold in solution out of 
an original S3.25. One filter was renewed every three days, making consumption 14 
to 13 lb. per ton. The dried product was burned and the ash fluxed in crucibles with 
borax, sand, and salt. 

Refining. — I)r\" cyanide precipitate may contain up to 70 per cent metallic zinc 
or ZnO; that obtained by zinc dust from gold ore averages about 25 to 40 per cent, 
that from rich silver ore much less. If precipitant and solutions were lead-free, 
precipitate from rich gold or silver solutions may be melted directly in crucibles with 
borax; it is more commonly acid-treated to remove zinc or sometimes roasted in iron 
muffles as a preliminary step. The removal of zinc by distillation in Faber du Faur 
furnaces has been used experimentally. 

Borax is th(^ most important flux, best used as crushed borax glass; the crystals 
contain 50 per cent of water. Soda ash and silica are also useful, depending on the 
impurities to be fluxed off; bicarbonate is sometimes used in place of soda ash, though 
niore expensive and less efficient. Niter or sodium nitrate may be used to oxidize 
zinc, sulphides, etc. ; manganese peroxide may be substituted, as it gives off oxygen 
more gradually; oxidizing agents attack graphite crucibles, and also tend to carry 
silver into the slag, (^lay liners may be used to protect the crucibles. Fluorspar 
helps to maintain fluid slags. Litharge is used only when cupellation is the final step 
in the refining process. 
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Lead present in zinc or added to solutions appears in precipitate as metal or PbS, 
and sulphuric acid removes but little of it. Acid treatment, if followtid by thorough 
washing, removes most of th<5 zinc and calcium, and part of the copper. It is carried 
out in a lead-lined tank with a mechanical agitator, water being first introduced and 
strong acid added gradually to prevent boiling over. A suction fan is necessary to 
remove fumes, especially HCN, H 2 S, and AsHs,* and care is also necessary on account 
of the hydrogen evolved. When action ceases, more water is added, the liquid is 
decanted on a filter or through a small filter press, the precipitate is then trans- 
ferred to the filter and washed and filially dried U) a stage where it can be handled 
without dusting. Sodium bisulphatc, NaHS 04 , a by-product of acid works, may be 
used as a substitute for sulphuric acid. 

After acid treatment silica, cadmium, mercury, and some copper remain with the 
precious metals, and some (.'aS 04 and ZnS 04 ; mercury may sometimes be profitably 
distilled off after adding lime or metallic iron to decompose HgS. On melting with 
reducing agents sulphates are deoxidized, yielding matte, which usually carries silver, 
as well as copper, lead, and iron. 

Large crucibles, up to No. 400, may be used in tilting furnaces fired with oil, gas, 
or powdered coal; sizes 100 and smaller may be poured with hand tongs from wind 
furnaces using coke, etc.. Electric heating has been but little used. In direcjt fluxing 
the cost of graphite crucibles is a serious item; melting may also be done without 
crucibles in tilting furnaces lined with carborundum or other refractory, or large 
crucibles may be set on a rcverlxTatory hearth. 

Rich silver precipitate is, at large plants, fused directly on a rev'erberatory hearth 
and tapped to molds; at Nipissing it is finished on the luiarth by air-blast refining. 
United Uomstock has an oil-fired tilting reverberatory. 

The Tav(‘ncr process, d(*v(;loped in So\ith Africa, con.si8ts in mixing the precipitate 
with litharge? and some sand, and smelting in a small revt?rberatory or pan furnace; 
the reduced rich lead is tapped off and (‘up(‘h'd. 

At the Homestake, precipitate, raw' or acid-trc‘ated, is partly dried and briquetted 
after mixing with a flux of borax, borax glass, litharge, and a little sili(!a. The 
briquettes are fused in a small English cupel furnace on a test of Portland (i(*inent 
(three-fourths) and limestone (one-fourth) which is started by adding a little lead; 
the slag is tapped off from time to time together wdth some of the reduced lead. When 
all melted the surface is cleaned off and the lead cupeled on the same test, returning 
accumulated lead; the final slab of gold is broken up wdiile still hot, melted in cru- 
cibles, and cast into bars. Low-grade precipitate is best briquetted, passed through 
a small blast furnac<?, and the lead cupeled. 

The cupel slag, matte, and similar by-products are treated in a small blast furnace, 
and the lead is either cupeled directly or used to start cupellation in the next run. 
The litharge from the lead processes is ground and used for flux at the next cleanup. 

If the precipitate is brique-tted and treated raw , the increased lossc*s in lead in slags, 
etc., offset any saving in acid. The holdover in blast.-furnace by-product lead and 
litharge is less than 1 per cent of a month’s run, and th(i only by-product to be mar- 
keted is the impoverished matte from the blast furnace.. 

In fluxing, 100 lb. of raw gold precipitate, may give up to 100 or even 200 lb. of 
slag; after acid treatment and lead refining, about the same total of slag and litharge 
together, but the proportions vary greatly wuth the flux and condition of the 
precipitate. 

At all plants large enough to justify the expense — ^treating, say, at least 400 or 
500 tons daily — a small lead blast furnace is an excellent investment. Not only can 
the by-products of cyanide cleanups — and if necessary the entire cleanup after 
briquetting it or setting it wdth some binder — ^be treated economically in such a fur- 
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nace, but all sorts of by-products can be handled at intervals with little or no previous 
preparation, such as mill skimmings, rich pyrite, black sand, iron superficially amalga- 
mated, old copper plates, sweepings, rich slags, and crucible scrapings. An important 
essential is to avoid charging finely divided material, or the blast may become choked 
and the furnace freeze. Fines must be briquetted or set with some suitable binder, 
such as water glass or acid. 

In preparing cyanide precipitate for refining by means of a cupel or blast furnace, 
the expense is about the same whether a preliminary acid treatment is used or not; the 
use of acid effects an important n^d action of the lead losses. If much zinc remains in 
the mass smelted, the slags become stiff from the presence of spinellike compounds, 
and more lead must be left in the slag. If the washing of acid-trt^ated precipitate is 
imperfect, sulphuric acid or sulphate of calcium or zinc n^maining, the SO4 becomes 
reduced in the cupel or furnace and matte is formed. 

In many cases th(^ mixture of by-produ(;t8 is almost self-fluxing, requiring only the 
addition of a little linuistone or assay slag to run freely. Fluorspar is sometimes useful 
in mainiaining a fluid slag. In the final furnace by-products, such as matte, slag, and 
litharge, tlu^ ratio of silver to gold is gemTally much high(;r than in the bullion bars. 

Air and Oxygen in Cyaniding. — The oxygen necessary to dissolve gold is supplied 
by air dissolved in the solution, which is slightly less than that carried by an equal 
volume of water. Additional oxygen may be furnished in loac^hing by allowing the 
solution to drain low before^ adding more, and thus entraining air; sometimes air is 
blown for several hours at a time through the filter bottom after draining a charge, 
and it may be similarly blown through charges of slimc' in the filter press. 

In slime treatment, air thus serves a double purpose, being used as a mechanical 
agent in agitation or air lifting, as well as to aid solution of gold; when transferring 
pulp by centrifugal pumps, air is sometimes admitted at suitable openings, and one of 
the advantages of the “double treatment’’ of sand is to admit air freely. 

The oxygen required for actual dissolving of gold is small in quantity. Assuming 
the interstitial space in sand as 50 per cent, the solution contained in a ton of saturated 
sand (specific gravity, 2.0) would suffice to dissolve over 2^ oz. of gold or 1,5 oz. of 
metallic silver, were it not used up by reducing agents, but to oxidize these n^ducing 
agents (mainly ferrous and sulphur compounds in ore, or organic matter introduced) a 
large volume of additional air must be supplied. In precipitation, the presence of O is 
undesirable; see under Crowe Pro(^ess (page 328). Deep agitators and pressure filtra- 
tion favor the dissolving of O, while vacuum treatment removes it from solution. 

Excessive use of air is undesirable, as it carries off some HCN due to hydrolysis of 
NaCN, but free alkali almost entirely prevents this. The COz in atmospheric air also 
tends to de(;ompo8e NaCN ; the COz in 1000 cu. ft. of free air at sea level will decom- 
pose about 0.1 lb. NaCN, or consume 0.06 lb. of CaO, yielding over 0.1 lb. of CaCOj. 
It may be removed by washing tin* air with caustic soda or lime water. Accumulation 
of CaCOa on cloth gradually reduces its permeability; this is partially restored by 
treatment with dilute H(1, but each successive acid wash leaves the cloth a trifle less 
effective than the preceding. Air from compressors usually carries oil, which produces 
an objectionable coating on filter press cloths; this oil may be excluded by passing the 
air through a special filter press of a few large frames. 

At sea level and freezing point, 1000 cu. ft. of dry air contains 18.65 lb., 8.6 kg., or 
272 troy oz. of oxygen. But at ordinary ranges of temperature and atmospheric mois- 
ture, the O actually present is between 90 and 95 per cent of these weights; at higher 
altitudes, the weight of O per 1000 cu. ft. is directly proportional to the lower baro- 
metric pressure. It is convenient to read this by a mercurial barometer and to note 
that the pressure of a 1-in. column ** 0.49 lb. per sq. in., also that the barometer 
falls about an inch for each 1000 ft. elevation from the normal 30 in. at sea level. 
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Barometer, inches mercury 

30 

25.0 

Approximate elevation corresponding 

0 

5,000 ft. 

Pounds per square inch 

14.7 

12.25 

Relative solubility of oxygen 

100 

83.3 


SoiitJBIIilTT OF OXTOKN IN Dl8TIIiI,BD WaTEB WhEN ExPOSED TO AlB AT SeA LevEE 

(Winkleb) 


Temperature, Centigrade 

0 

5 

10 

15 

20 

25 

Temperature, Fahrenheit 

32 

41 

50 

59 

68 

77 

Oxygen, cubic centimeters per liter^ 

10.2 

8.9 

7.9 

7.0 

6.4 

5.8 

Oxygen, milligrams per liter^ 

14.6 

12.7 

11.3 

10.0 

9.15 

6.15 


1 From an atmosphere of pure oxygen the solubility is about 4.8 times this. Nitrogen from air dis- 
solves at approximately double tlu'sc volumes. 

* Multiply these weights by 0.002 for jiounds O, and by 0.020 for troy ounces O, jrer ton of water. 


For cyanide solutions, at sea level, it is safe to assume tlie solubility of 0 as ovc^r 90 
per cent of that in water (Alaclaurin found 87 per cent for I per cent KC'N, 50 per cent 
for 10 per cent KON) and at higher altitudes, to reduce this proportionately to baro- 
HKitric pressure. Thus at 5000-ft. el(*vation the niaxiniurn solubility of 0 in ordinary 
solutions may be taken as about 8 mg. per h, or 8 parts ])er million, whi(‘h is about 
0,23 troy oz. per ton, sufficient to dissolve 5.7 oz. gold or 3.1 oz. nKitallic silver. 

In working with det.p tanks, and especially at high altitudes, it is important to 
remember that the solubility of oxygen varies with the absolute pri'ssure (gauge -f 
atmosphere). In a slime tank containing pulp of specific* gravity P, at a depth of H ft. 
from the surface, the gauge pr(5ssur<‘ (pounds above atmosphc'rc;) = 0.433/^7/. Thus 
in a Pachuca tank, 45 ft. deep, filh^d with pulp of specific gravity 1.2, the pressure at 
bottom = 0.433 X 45 X 1.2 = 23.4 lb. per sep in. 

If this is at an ehivation of 5000 ft., with baromc'ter standing at 25 in. (25 X 0.49 
= 12.25 lb.), the solubility of oxygen at the bottom will be nearly treble that at the 
surface. 


23.4 -f 12.25 
12.25 


2.91 


In working with thick slime the rate of solution of oxygen, likc^ that of other sub- 
stances such as gold or cyanide, is much diminished as compared wdth thin pulp or 
clear solution. — 

Solutions recently precipitated with zinc or aluminum, especially after vacuum 
treatment, are pratdically free from oxygen and nearly saturated with hydrogen and, 
therefore, in the most unfavorable condition for dissolving gold; they should be given 
an opportunity to aerate by cascading, spraying, or agitation. 

Heating Solutions. — Both the dissolution and precipitation of precious metal, 
as well as the settling of slime, are accelerated by a moderate rise in temperature, 
and systcjmatic heating of solutions has often been proposed. It has been advan- 
tageously carried out with extremely cold solutions, or to assist in thawing frozen ore. 
Heating above 50 or 60°F. is, however, of doubtful value, as it diminishes the solu- 
bility of oxygen and favors decomposition of cyanide. 
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When exhaust or cheap steam is available, it may be led through coils or zigzag 
pipes near the bottom of solution tanks or sumps; conveying pipes and launders should 
also be protected from cold. 

The settling of slime and filtering of solution through sand are also facilitated by 
heating; the rate of settling (and, therefore, the capacity of settling tanks, etc.) is 
inversely proportionate to viscosity of liquid. The settling rate of a slirne is propor- 
tional to T + 10, where T = temperature Fahrenheit. Thus if a particular slime 

settles 18 in. per hr. at 40®F., its settling rate at 60® will be X 18 = 25.2 in. 

per hour. The same rule holds approximately for filtration rates. 

In crushing ore, most of the energy applied to the machines becomes available as 
heat in the resulting pulp. As tlie specific heat of most ore and rock is between 

0.2 and 0.25, that of solution being practically 1, it is easy to compute roughly the rise 
of temperature that may be expected. With low water ratios it is often of importance 
as an insurance against freezing. One hp.-hr. = about 2550 B.t.u. and raises a ton 
of water about 1.25°F., or a ton of dry ore 5 to 6®F. 

Fouling of Solutions. — In the earlier days of cyaniding much was said of the 
fouling of solutions, and it was necessary at times to dispose of “fouled^’ solution and 
make a fresh start. This is now rarely necessary; solutions are used continuously 
for many years without renewal and without material change in composition. The 
daily elimination of solution in rc^sidues, and in first and last drainings, is an appreci- 
able percentage of the whole stock of plant solution, so that the solution is practically 
renewed every few months, ^ Zinc is removed to some extent by precipitation or 
adsorption on the ore or tailing. 

Regeneration of the cyanide usually lost as a solvtmt has proved an attractive 
field for invention, but so far has met with comparatively little success. The following 
lines have naturally suggested themselves. 

1. Precipitation of precious metal by a metal simultaneously regenerating NaCN, 
such as Na directly, or A1 indirectly; Zn itself has some effect, as its double cyanide is a 
feeble solvent, rendered more active by the presence of free alkali. Electrolytic 
precipitation may be included liere. 

2. Oxidation of HC^NS to IICN + SO., or of NaCiNS to yield NaCN + SO3, the 
latter with alkali forming sidphate. This may be effected by electrolysis or by certain 
oxidizing agents, but the yi<;id has always been disappointing, owing to decomposition 
of the product. In this connection, reference must be made to the Clancy project. 

3. Neutralization or acidific^ation of solutions; on the one hand, yielding insoluble 
cyanides [(XiCN, AgCN, Zn(CN)2; ChiCNS, AgC 'NS; occasionally ferrocyanides], and 
on the other, liberating HCN. The precipitates must be separated to recover Au, Ag, 
and part of their contained CN by suitable means; the HCN may be removed at least 
partially from the solution by heat, by passing a current of air or gas, or by applying 
a vacuum as in the Crowe process. Gaseous HCN thus liberated ma}^ be absorbed in 
a suitable alkaline solution to form NaCN or Ca(CN)2, or the HCN in solution may 
be fixed by addition of alkali. 

The g(mcral idea has been to operate upon ^Touled solutions*^ or on the ‘*\ow 
solution normally and unavoidably thrown away daily in some fo^. The low 

' If 35 is the percentage of stock solution discharged daily, and x the percentage of any substance now 
present remaining in the system after n days, 

+2 

Thus, supposing 6 per cent of the stock is daily removed, only about 21.51 per cent of any material now 
in solution will remain after 30 days, 4.6 per cent after 60 days, less than 1 per cent after 90 days, etc. 
Hence, if any radical change is made in the treatment, sucl) as substituting NaCN for KCN, the solu- 
tions soon reach "practical equilibrium. 
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concentration of solutions in general use has militated against the completeness of 
precipita,tion and volatilization. 

Filter Cloth. — Many varieties of filter cloth have been used in cyaniding ore, 
precipitation with zinc dust, and handling acid-treatment liquors. Cotton cloths 
of all the three common weaves — plain canvas with single or double thread, twill, 
and sateen — have been found satisfactory when the weight of material s(jlected is 
suitable for the pressure and conditions of use. The more complicated weave known 
as chain cloth seems to have no sufficient superiority to justify its price. Paper is 
not generally to be recommended. 

For precipitation it is convcniicnt to use one of two systems: (1) a fairly heavy 
cloth backing, covered with light “domestic” or twill, the latter to be removed at 
each cleanup and burned, or washed and re-used once or twice ; or (2) tw^o layers of a 
medium-weight material, the outer to be removed at cleanup and either burned or 
wash(id for r(j-use. When re-clothing, a new or w^ashed cloth is put next the plate and 
the original under cloth replaced above it. Occasionally three or four tliickness(is of 
very light mabjrial have been used, the outer layer bdng taken off at cleanup and a 
new one placed next the plate. 

For filter bottoms of leaching vats a heavy canvas (such as No. 8 or UVoz. duck) is 
desirable and will last one to two years. It may be add-treat (id in place if the usual 
accumulation of calcium carbonate checks the leaching rate decid(*(lly. A similar 
(loth may be used in filters of the Moore and Putters types; for slime pressc^s a similar 
heavy canv^as may b(* (?ov(*red with a light or mc'diurn twill. These may similarly be 
acid-treat('d by using hydrochloric add, so highly diluted as to avoid attacking the 
iron frames. 

The nominal “ounces” rating of canvas refers to the weight ol a running yard of a 
.standard width of 22 in.; the “ounces” may be read dir(ictly by noting the w^eight m 
grams of a sample cut 4 X 7 in. (28 sq. in., or 180 sq. cm.). The “inimber ” is approxi- 
mately obtained by subtracting the “ounces” from 19. Thus if a samphi of duck, 4 X 
7 in., weighs 9 g., it indicat(\s “9-oz.” duck, or “No. 10.” Figures thus d(it(Tmin(*d 
usually agree within one unit with the commercial ratings, but dealers occasionally 
apply the ounce rating to the square yard, making th(‘ nominal weight about 60 per 
cent too high. The present tendency is to specify w eight per square* yard, irrespective 
of the actual width of fabric. 

MODIFICATIONS OF THE CYANIDE PROCESS 

Bromocyanide Process. — This depends on the reaction 

BrCN + 3NaCN + 2Au = 2NaAu(f ^N )2 + NaBr 
the BrCN being added as such, or obtained from bj omide and bromate: 

2NaBr + NaBrOj + 3NaCN -h 3 H 2 SO 4 = 3BrCN -f 3 Na 2 S 04 + SHaO 

The bromocyanide process has b(*en us(^d in Western Australia, and to a limited 
extent in Canada and Colorado. An excellent r6sum<* with bibliography is given 
by Stevens a^d Blackett. ^ Bromocyanide can be used to advantage only on two 
classes of ore: (1) ores containing miiuTals such as tellurides, more soluble with 
this reagent than with plain cyanide; (2) ores requiring rapid dissolution of gold 
in order that other substances in the ore shall not have time to dissolve and foul 
the solution. A preliminary treatment with plain cyanide is always advisable. 
No appreciable amount of free alkali must be present. BrCN itself decomposes 
rather rapidly in solution and also induces wastage of NaCN. BrCN is rather 

J Tram. Vol. 29. p. 280. 
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expensive, and so are the mixtures from which it may be prepared (Br + NaOH 4 * 
NaCN, or NaBr 4* NaBrOs NaCN), and the ^*mixed salts*’ used for this purpose 
are liable to decomposition in storage. Cyanogen chloride cannot be substituted, 
and ICN is too expensive. 

Gitsham Process. — Free HCN in the presence of oxygen has a slight solvent 
action on gold. This process proposes to use feebly acid solutions, especially for 
ores containing antimony, copper, and other base metals. The effluent solutions 
are to be neutralized by lime before precipitation by zinc, and reacidificd with addition 
of enough alkaline cyanide to bring th<*m up to suitable strength. 

Gilmour -Young Process. — This system was devised at a Nicaragua mine to 
utilize; the existing Boss process pans for cyaniding rich ore. Copper amalgam was 
raad(; by treating mercury with copper sulphate and iron filings, the squeezed product 
carrying about 15 per cent copp<‘r; zinc amalgam w^as sometimes added. A charge 
of dry ore was ground with cyanide solution and about 200 lb. of mercury for 2 hr.; 
30 lb. of copper amalgam was then added, and the whole ground 4 hr. longer, when the 
mer(‘ury was separat('d. llie squ(;ezed amalgam was enriched by repeated use and 
finally retorted, yielding bullion 700 to 750 fine. 

Diehl and Marriner Processes. — These were evolved to treat the rich telluride 
ores of Western Australia. The Diehl process consists in wet crushing, sliming, and 
tr(‘atm(‘nt first with KCN and then with BrCN in agitation vats and filter presses. 
'Fhe Alarriner system involv(*s dry crushing, roasting, amalgamation, and treatment 
of the roasbMl or(‘ by percolation or bj' fine grinding and filter pr(;ss. Ilicre w^ere many 
modifications of (‘ach system in use; the results and costs did not differ greatly, as the 
cost of brornocyanide in one case (»ffset that of roasting in the other. With the wet 
j)rocess, c.oncc'iitration W’as oft(‘n practiced, and the con(;entrate roasted preparatory 
to cyaniding. 

The Usher process was an African slime method in which, aft(;r one stage of 
agitation, solution was introducc'd by multiple pipes over the bottom of a flat or cone- 
bottomed tank, and tin; upper clear portion continuously decant(‘d for precipitation. 
Finally the slinu; was allowenl to settle as usual. In one modification of the process 
umber, containing mangan(‘se peroxide, was used as an oxidizer. 

The Denny desulphurizing process is used at the Kipissing Mine, Cobalt, to pre- 
pare silver sulpliide ores for cyanidation. By grinding them in tube mills with ingots 
or slugs of aluminum and caustic soda, all silver minerals are decomposed, except 
dyscrasite, yielding metallic silver which is cmenable to cyanide. At the same time 
Na.iS is fornu'd, whidi (*an be used as a precipitant. The process is completed by 
agitating th(‘ pulp 12 h ' ui a tank lined with aluminum plates. 

Antidotes to Cyanide Poisoning. — The following materials should be kept at every 
cyanidt* plant and laboratory; sets should be placed at convenient points on every 
floor at which solutions are handled. 

Om; sealiul bottle (pn^fcTably a quick-opening citrate of magnesia” bottle wuth 
rubber gasket), containing 1.5 g. of caustic soda, NaOH, dissolved in 300 (;c. of water. 

One sealed bottle (prefi'rably a 2-oz. widi^-mouthed bottle with large projecting 
cork), containing 7.5 g. oz.) of ferrous sulphate crystals dissolved in 30 cc. (1 oz.) 
of water. This water should be freshly boiled, and the vacant space in the bottle filled 
with carbon dioxide or hydrogen, to prevent oxidation; the cork must be completely 
covered with melted paraffin or sealing wax. 

One corked tube containing 2 g. of finely powdered magnesia. 

A large cup, of at least a pint capacity, preferably of white cnamclware, which 
will hold the three previous items, together with a spoon or flat stick for stirring them. 
When required, the ferrous sulphate is to bo poured into the cup, followed by the soda 
and magnesia, and the whole wtII stirred and swallowed; no time should be wasted. 
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It is desirable to add a rubber stomach tube and a wooden gag, so that the antidote 
may be poured into the stomach of an unconscious patient if necessary. 

These materials should be kept in a glass-fronted cupboard, easily accessible and 
conspicuously marked, and all foremen and shift bosses fully instructed in their use. 
The soda requires renewal after 2 or 3 years, as it slowly attacks glass. The ferrous 
sulphate also oxidizes slowly, but a small amount of y 2 llow deposit may be ignored, as 
long as the solution remains strongly green. 

The above is known as the Martin antidote, and was developed by Dr. G. J. Martin 
and R. A. O’Brien, of Melbourne, in 1902. Variations of the outfit have been put on 
the market by different dealers, but the equipment can be easily preparcjd at any 
laboratory. The essential reaction is the formation of ferrous hydroxide, avoiding any 
excess of caustic soda, and conversion of the cyanide into harmless ferrocyanide. j 

Among other remedies that have Ix^en suggested are: hydrogen p('roxide (2 perl 
cent solution used hypodermic^ally and as a stomach wash), (;obalt salts, adrenalin, \ 
sodium cacodylate, and silver nitrate (dilute solution followed by an emetic of salt ' 
water and mustard). 

Plant Precautions. — An eczematous condition of the skin may be caused by long 
contact with strong C 3 ranide solutions. Iliis should be avoided at cleanups of zinc 
boxes by greasing the hands and wearing rubber gloves in handling w(d- shavings; it is 
unnecessary to handle solution at other times. 

Zinc shaving and dust, and aluininum dust, are decidedly inflammable. Caustic 
soda falling on zinc dust redacts with the evolution of enough h(‘at to ignite the liberated 
hydrogen and cause the zinc to smoulder. Extinguishers of the carbon tetrachloride 
type must not be used on zinc-dust fires, as the reaction (Zn + CCI4) yields various 
toxic and irritating gases. 

MINOR AND OBSOLETE PROCESSES 

Chlorination Process for Gold. — This process was basinl on the fact that chlorine, 
in the presence of moisture, converts gold into the trichloride (AuC’la), which is 
soluble in water and removed by washing; the gold being then pn*cipitated by ferrous 
sulphate, sulphur dioxide, hydrogen sulphide, or charcoal, ('oarse gold requires lonft 
contact and should be removed by amalgamation. Pyritic ore or concentrate requires 
a dead roast before chlorination; thoroughly oxidized ore may be treated directly. 
Basic ores — containing lime and especially magnesia — absorbed much chlorine and 
mighi become heated. This was checked by roasting with a high temperature at the 
finish, to frit the magnesia with silica. C’hlorination was suggested by Percy and by 
Plattner independently in 1848, though Plattner apparently made the first commer- 
cial application of the process to the arsenical ores of Reichenstciin, Silesia. 

The Dc'ciken or California process w^as carried out in comparatively small wooden 
vats with bottom filter of perforated boards, renting on slats and covered with coarse 
gravel and sand ; a vat 8 ft. in diameter with 3-ft. staves would hold“about 3 tons. The 
crushed and roastt^d ore w'as loosely charged by sifting in a moist condition to facili- 
tate leaching, a cover w^as luted on with clay or dough, and gaseous chlorine gener- 
ated in a lead vessel from manganese dioxide, salt, and sulphuric acid was admitted 
by a lead pipe to the bottom until it could be detected at a hole in the cover. In later 
practice, liquid chlorine was purchased in steel cylinders. After 12 to 36 hr. contact 
(adding more chlorine if necessary), water was turned in at the top, any chlorine escap- 
ing at the bottom pipe being led to another vat. The yellow solution was run to the 
precipitating vat and the charge washed until the eflSuent was colorless, llie residue 
was then shoveled out; if much silver was present it was transferred to another vat 
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and leached there with hyposulphite solution. Sonie ores, rich in silver, were first 
leached with hyposulphite and then chlorinated. 

The barrel process, used on a large scale in Colorado, involved the rotation of the 
ore in barrels of wood or heavy lead-lined steel, holding 5 to 25 tons, while chlorine 
was generated under pressure in the mass by means of bleaching powder and sul- 
phuric acid. Barrels were often built with an internal filter on one side, consisting 
of pebbles or coarse sand confined by slotted hoards and a p(‘rforatod lead plate. 
After 3 to 6 hr. water under 20 to 40 lb. pressure was admitted by a trunnion and 
washed the charge in 1 to 2 hr. A ton of ore would use at least 10 lb. of bleach and 
15 lb. of sulphuric acid. The ore was charged dry from a hopper and discharged by 
sluicing through manholes in the side. 

The Munktell process consists in leaching the ore with two solutions, one of bleach- 
ing powder, the other sulphuric acid, which mix at the time th(‘y are applied. At Mt. 
Morgan, Qiu^ensland, a solution of chlorine in water was similarly used, lOO-ton 
charges of ore being leached in rectangular concrete, vats, 60 X 12 X 5 ft., lined with 
pitch and provided with bottom filtcirs of sand resting on pc^rforattd planks and 
joists. This was superseded by the permanganat<^-chlorine process. 

The lilack-Etard, or p<n*manganate, proc(‘.ss employs long contact with a solution 
of potassium permanganate, salt, and sulphuric acid (aboi^t 6 lb., 120 lb., and 140 lb. 
to 5 tons or 1000 imp. gal. of water), the color indicating its strength. The original 
Etard formula used permanganate and hydrochloric acid. 

The Mears process is barr<‘l chlorination in which gaseoiis chlorine is pumped into 
the charge- under its own pressure. Thies first employed bh*a(^hing powder and 
acid to produce the pressure. Newbery and Vautin used air pressure to accelerate 
the action of the chlorine, and the Pollok patents sp(‘cify water pressure. Ankeny 
used the njore expensive bromine in place of, or in conjunction with, chlorine. Many 
other early patents dealing with chlorine and bromine are described in O’DriseoU’s 
“Notes on the Treatment of (lold Ores.” 

In (California, precipitation was usually effected by ferrous sulphate, made by the 
action of sulphuric acid on scrap iron. Sulphur dioxide was commonly used in con- 
junction with the (Colorado barrel process, generated in iron retorts from sulphuric 
acid and sulphur or charcoal, or hydrogen sulphide, and sawdust filters. Charcoal 
was used as precipitant at Mt. Morgan. The vsolu lions wen* usually passed through 
boxes filled with scrap iron to precipitate copper or silver before being discharged. 

lloa.sting was usually effeeb^d in California by hand-rabbled wood-fired reverbera- 
tories; elsewhere in White-Howell or l^ruckni*r cylinders. Pierce turret furnaces, 
Merton or Edwards furnaces, etc. At Mt. Morgan the Richards furnace was used, 
cascading the ore from successive shelves. Residues from pyritic ores were often 
ground for paint. 

The Patera process utilizes the solubility of silver chloride in solution of sodium 
thiosulphate, Na28203.5H20 (the hyposulphite of photography) and precipitation of 
silver as Ag2S by Na-jS. This was suggested by Percy and first applied by von Patera 
at Joachimsthal in 1858. 

The ore is roasted with addition of salt (4 to 8 per cent), part of it being added 
near the finish; the hot ore is wetted and allowed to stand some hours to favor chlorid- 
izing of the silver. It is then bleached in wood vats with warm w^ater to remove 
hase-metal chlorides which also dissolve a little AgCl. Hyposulphite solution is then 
Jtpplied and finally wash water, and the effluent run to “base metaP^ tanks until a 
trace of hypo is found, then to the silver tanks. The base solution may be precipi- 
t'ited by Na2S, or Ag may be thrown down by cement copper, and copper by scrap 
iron, or iron may be used at once. The silver solution is precipitated by sodium 
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sulphide, carefully avoiding an excess; after separating Ag 2 S by settling or filtration, 
the solution can be used again. 

A suitable solvent is 0.5 per cent of crj’^stallized Na2S208.5H20, but up to 2 per cent 
may be used in absence of base metals; 1 ton of 0.5 per cent solution dissolves 30 to 
40 oz. of silver. It also dissolves PbS 04 and PbCl 2 ; adding NajCOs then precipitates 
PbCOs. Sulphates retard solution of silver; free alkali is more prejudicial. 

Commercial sodium monosulphide ma}^ be used as precipitant, or a polysulphide 
(Na 2 S 4 or Na 2 S 6 ) may be made by heating caustic soda with sulphur (see under 
Kiss Process). 

The vats used wer(i generally small, occasionally lap to 25 or 50 tons capacity. 
The precipitated sulphide was usually filtered in conical canvas bags hung on iron 
rings in a frame; a filter press was sometimes used. The dried precipitate was sorne-j 
times refined by charging upon fused lead on a cupel, or might be smelted with lead 
ores. 

The Kiss process nominally substitutes calcium thiosulphate and sulphide*, for the ^ 
sodium salts used by von Patera. Th(^ precipitant is usually made by boiling lime 
and sulphur by means of steam, yielding polysulphide and thiosulphate*: 

SCsiO + 12S - 2CaS5 + CaSaO^ 

The precipitated Ag 2 S is therefore mixed w'ith excess sulphur, and thiosulphate is 
added to the solution. Starting originally with Na2S208 this would gradually be 
replaced by the calcium salt, but part of the calcium is usually precipitated by sul- 
phates as CaS 04 , and additional sodium is introduced from salt in the charges. About 
3 lb. of lime and 2 lb. of sulphur with a ton of wat('r would make enough precipitant 
for 50 to 100 lb. of silver, 

0. Hofmann states that, with or(‘s containing little or no the p(‘rcrntagc of 
silver chloridized may be increased by using ( 'uCb (or a mixture of 3 to 4 lb. })luestone 
and 6 to 8 lb. salt per ton of ore), added by vlegrees to the i)n'Uminary wash water. 

In the Russell procesSj it is claimed that a treatment with “extra solution” con- 
taining some CU 2 S 2 O 3 (prepared by adding bluestone to thiosulphate) extracted addi- 
tional silver and was much more effective in dissolving gold. 

The Augustin process consisted in giving a chloridizing roast to silver ore or matte, 
and leaching with a strong solution of common salt, which dissolves silver chloride 
to a limited extent. The silver was then precipitated by metallic cop)per, and the 
copper by scrap iron. The cement copper was then melted and granulated for re-use. 

The Ziervogel Process, — ^Argentiferous matte was roasted to form sulphates, 
cautiously raising the temperature to decompose those of iron, copper, etc., while 
silver sulphate remained unchanged, and was leached out by hot water. "Fhe process 
was also applicable to ore. 

Silver sulphate (Hofmari and Wanjukoff) begins to decompose at 917''C. and is 
completely reduced to metal at 923; copper sulphate, stable up to 653, is completely 
converted into C/uO at 736”; zinc sulphate at 767; ferrous sulptratc passes into basic 
ferric sulphate between 167 and 480°, while ferric sulphate begins to dissociate at 492 
and is completely converted into Fe 203 at 560°r\ Ag 2 S 04 dissolves in 180 parts of 
cold or 90 of hot water, and is much more soluble in hot dilute sulphuric acid ; in cither 
case it is precipitable by copper, iron, or sulphides. 

In the Claudet process^ the product of a chloridizing roast of copper pyrites was 
leached with solution of sodium and ferric chlorides, which dissolved Ag(U, CuCl 2 » 
and some PbCl 2 . By addition of Znl 2 (or Nal ) silver was thrown down quantitatively 
as Agl, together with some Cul and Pbl 2 and any gold that may have dissolved. 
The precipitate was separated, washed, and reduced with metallic zinc, yielding 
spongy silver and a solution of Znl 2 , which was used again as precipitant. 
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Or, by digesting the precipitate of Agl, etc., with sodium sulphide, AgaS was 
formed and Nal regenerated as a precipitant. 

GiWs 'process was similar, but employed HaS gas as a precipitant, until about 
5 per cent of the Cu was precipitated, which ensured all the silver being thrown down. 

SILVER AMALGAMATION 

The Patio process was originated by Bartolom6 de Me>dina about 1557, for the 
rich silver or(^s of Pachuca, and was widely used in Mexico and in South American 
countries. This process is described at length in Chap. XVII, Chlorine in 
Metallurgy. 

The Patio process was worked for some time in Nevada on Comstock ore, but 
failed owing to climatic conditions, and this led to the adoption of the Washoe or pan- 
amalgamation process. 

The Washoe process, or pan amalgamation, was d<m;loped at the Comstock 
mines, Washoe County, Nevada, the ore being stamped dry or wet, and the pulp 
treated in batches, usually three per pan daily. The pans differed greatly in detail, 
having cast-iron bottoms with wood staves or sheet-iron sides, and a C(mtral cast 
cone through which ran a v(Ttical shaft carrying a muller with cast segmental shoes; 
similar cast-iron dies were attached to the bottom. Means for raising and lowering 
the muller were provided by threaded handwheels forming lock nuts at the top of the 
shaft, or by carr>ung the step bearing of the shaft on an adjustable lever. Three 
curved iron wings were usually fastened to the sides or hung from the wooden cover. 
A steam chamber was often provid(‘d under the pan bottom. 

Th(i charge was usually 15(X) io 3000 lb., but might range from 800 to 5000. A 
batch of pulp was run in, after thickening in a wooden tank if wet-crushed; the muller 
was Iow('red and the charge ground 1 to 3 hr., steam being admitted to the false 
bottom, or run directly into the pulp by a hose. Mercury was then added, at least 
10 per cent the W(‘ight of tin* dry pulp (often 300 or 350 lb. altogether), the muller 
raised clear of the dies and run 3 or 4 hr. ('heniicals were generally added with the 
mercury, usually copper sulphate and salt, sometimes sulphuric acid or metallic iron, 
though the iron was often d(Tived from the wear of the pan castings. 

The pulp was then thinned with water and run to a shallow separator or settler 
with vortical .shaft carrying four arms with iron or wooden plows. Here the 
bulk of amalgam and mercury separated and were drawn off at a siphon tap. In some 
cases this stage wa.s carried out in the grinding pan, revolving the muller slowly. 

Th(‘ pulp then ran to an agitator — a d<*e})er pan with wood sides, with four revolv- 
ing arms (tarrying vertical slats — to settle a little additional amalgam and coarse 
material, and was finally drawn off, running to waste or to a settling dam. All settlers, 
etc., were provid(»d with holes in the sides closed by wood plugs for discharging pulp. 
At the Comstock, 70 to 85 per cent is said to have been (extracted from the sulphide 
ore, but at custom mills the usual return was only 65 per cent of the assay value of 
samples taken at the mortar lip. 

Barrel amalgamation (Freiberg process) was carried out in stout wooden barrels 
rotating on a horissontal axis. The ore was roasted with salt and charged in the barrel 
with water and scrap iron, which dissolved silver chloride and reduced it to metal, 
<'upric and ferric salts being also reduced to cuprous and ferrous; mercury was then 
added and rotation continued 16 to 20 hr., more water was then add(*d to thin the 
pulp, and after a short period of rotation the mercury was drawn off and the ore 
washed out by a stream of water. This process was used for some time on the 
< omstock lode. 

The cazo process or hot pan amalgamation was devised by Alonzo Barba in Peru 
''^>out 1009 for rich oxidized silver ore. The razo, or pan, first used was a small copper 
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pan; the later fondon had a copper bottom about 6 ft. in diameter and 6 to 8 in. thick, 
to which wood staves were fitted. Two large copper mullers were made to revolve 
around it, and a fire was maintained under the bottom. See pages 525 and 526 for 
a complete description. 

The Boss continuous process was an attempt to make the Washoe pan-amalgamation 
process continuous, by using a series of steam- jacketed pans set on a slight grade so 
that pulp flowed from one to the other and finally through settlers; the mercury 
similarly flowed through a pipe system to a safe (as was done at some of the Washoe 
plants) where it passed through a conical canvas filter to separate solid amalgam, the 
filtered mercury being pumped back to the topmost pan. 

The Reese River processj applied by Stetefeldt to the very base sulpharsenical 
ores of central Nevada, involved a chloridizing roast of the ore, wetting and cooling it 
on a floor, follow'ed by a pan treatment similar to the Washoe process. A very impure 
bullion resulted. A similar systtun was used in Butte and elsewhere in Montana, 

The Comhinaiion process, adopted by the Montana Co. about 1890, consisttid in 
concentrating the gold-silv(‘r ore coming from the stamp mill before thickcmiiig the 
tailing and treating it by the pan process. A great ec^onomy in mcTCury was (‘ff(^cted 
by thus removing arsenical (;opper minerals. The original equipment was 50 stamps 
with amalgamating plates, 20 frues, 24 pans, 12 settlers, 5 agitators, and finally 
20 frues for the pan tailing, which was then impounded. 

The Kroehnke process consisted in treating (Tushed ore in rotating wooden barrels 
of the Freiberg type, with mercury and a strong solution of cuprous chloride in brine, 
and then adding zinc amalgam; lead amalgam was used with poonu* ore. The impure 
coppery amalgam was then purified by treatment with hot brine and blue-stone acidi- 
fied with sulphuric acid, and finally centrifuged and retorted. The process is thor- 
oughly descjribed by Schnabel. 

Conversion Tables for Assay Valuations. — In English-speaking countries the 
weights of precious metals an^ usually expres.sed in troy ounces (of 480 gr.) and frac- 
tions of ounces are stated in d(-cimals, the troy pound, pennyweight, etc., being but 
little used. Other nations generally use the metric system for tliese as for other 
metals, and this system is adopted in many United States statistical reports. The 
purity or “fineness^* of these metals is expressed either in carats (twenty-fourths) or 
in parts per thousand (milli^mes), pure gold being d(‘signated as 24 k. or 10(X) fine. 

Gold. — The exact value of 1 troy oz. of pure gold was $20.071834625323+, corre- 
sponding to the coinage of $8(K)0 from 387 oz. of fine gold, or 430 oz. of gold 900 fine, 
as the United States standard from 1834 to 1934. It is now $35.00 per ounce. Stand- 
ard British coinage gold is 22 k. or 916.666 fine, and the price of gold in I^ondon is 
168 shillings per ounce. 

Silver. — In the United States the price of silver is stated in cents per troy ounce 
of metal nominally 1000 fine. London quotations are pemu- per troy ounce of ‘^sterling 
silver’’ 925 fine, which, except for short periods, w^as the standard for British silver 
coin from 1066 to 1920. Since 1920, British silver coins have” been reduced to a 
fineness of 500. 

1 penny per ounce 925 fine =2.19 cents per fine ounce. 

1 cent per fine ounce = 0.457 pence per ounce 925 fine. 

United States silver coin is 900 fine, 110 standard oz. or 99 fine oz., coining $128; the 
Mints report the fineness of silver bullion to the nearest one-half part per 1000. 

The following foreign or obsolete units sometimes occur in reports: South America: 
1 marco per cajon varies between 100 and 70 parts per million, or grams per metric 
ton. Russia: 1 dola (J^e zolotnik) per 100 poods = 2.71 parts per million. 
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Fineness of Bullion and Allots of Precious Metals 

Equivalent in 
Denomination milliemes or 
parts per 1,000 


1 k. 

41.666 

r 24 k. =1 lb. troy (England) 



1 24 k. =1 mark (Germany, etc.) 

1 grain per marc. . . 

0.217 

4,608 gr. = 1 marc of 8 oz. (France, Spain, etc.) 

1 oz. per marc 

125.000 

8 oz. = 1 marc (France, Spain, etc.) 

1 loth (silver) 

62.500 

16 loth = 1 mark (Germany, etc.) 


Ck>N VERSION Tables — Weights 


Grains 


Penny- Troy 

weights ounces 


Avoirdupois 

ounces 


Avoirdupois 

pounds 


Grams 


\ grain 1 0.0416661 0.0020833 0.00228571 0.000142857 0.0648 

1 pennyweight . . ..42 1 0.0500 0.0548571 0.00342857 1.5552 

Itroyoz 480 20 1 1.0971428 0.0685714 31.104 

1 avoirdupois oz .. . 437.50 18.22917 0.911458 1 0.00250 28.36 

1 avoirdupois lb .... 7,000 291.066 14.58333 10 1 453.60 

1 ing 0.01 5432 0 . 0(K)643j 0 . 000032 15 0 . 000035274 0 . 0000022046 0.0010 

1 gram 15.432 0.043 0.03215 0.035274 0.(K)22046 1 

1kg 15,432 043 32.15 35.274 2.2046 1,000 


Volume and Weight of Fine Gold and Silver 


1 cc. 


1 cu. in. 1 cu. ft. 


Fine silver; 

Weight: grams 

Weight: troy ouu(*(?s 
Fine gold: 

Weight: grams 

Weight: troy ount*(*s 


10.57 

0.339825 

19.3 

0.6205 


173.21 

5.5687 

316.269 

10.1680 


299,307 

9,622.72 

546,513 

17,570.39 


Table 1. — Pulp Formulas 

d « density or specific gravity of dry solid (ori^, sand, or slime). 
p » specifi(‘ gravity of pulp (mixture of water and ore, etc.), ' 
S = percentage by weight of dry solid in pulp. 

*= grams in 100 g., tons in 100 tons weight, etc, 

R » water ratio or dilution of pulp, 
tons water per ton of dry solid, 
grams water per gram of solid. 

V « volume perc^entage of solid in pulp, 
cubic centimeters in 100 cc. pulp 
*» cubic fe(^t in 100 cu. ft. pulp. 

F « solid factor. 

•“ grams solid in 100 cc. of pulp. 
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■» tons solid in 100 fluid tons or 3200 cu. ft. of pulp. 

« avoirdupois ounces in 0.1 cu. ft. of pulp. 

A; is a constant for any particular solid under consideration, used to facilitate calcu 
lation, and depending upon the density of the dry solid. 

, lOOd 

^ d-i 

J _ _ Sp 

1 - R(p - 1 ) " Sp - m{p - 1 ) 

K + 1 _ 100 _ k 

a a 

100 ^ 100d(p - 1) k(p -1) 

-h 1 p(d - 1) 


R 

F 

V 


1 ~ ^ 

^ __i tp 

dip - f) p - 1 

100 , _ loop 

s 


100 


- 1 


fc(p - 1) 

loop lOOdCp - 1) 

R + 1 d-1 

^ = 1 00(p - 1) 

d d ~ d - I 


Sp 


(fc 


= klp - 1) 

100)(p - 1) 


Volume percentage of water in pulp = 100 ~ V = 100 — = p(100 ^ S) 


Tons of dry solid per 100 tons water 
Fluid tons pulp to yield one ton solid 


^ 100(d 
■' d ~ 1 

100 _ lOO.S" 100d(/> - 1) 

R 100 - .S d ~ p 
100 _ 100 _ /? -f 1 

F kip -1) p 


The.se formulas are strictly applicable only to mixtures of solids with liquids of 
specific gravity 1.00, such as water or cyanide, solutions at ordinary temp(*ratures. 

Measurements of Daily Tonnage.— Several accurate methods are available!; one 
depends on the direct weighing of the dried material caught during a measured 
interval of time; another on the measurement of time and the corresponding volume 
of pulp, together with the specific gravity of the pulp, using the known relations 
between the gravity and solid contents of pulp. Or one may estimate the flow of 
pulp by a weir or any other method and then determine the weight of solid in a meas- 
ured volume. Reduced to the simplest terms, the computations from such data may 
be made by one or the other of the following formulas: 

Tons solid per day P 93 ^ 1 ^ldry solid caught X 43^ ^ 2 pounds per second 

seconds observed 

m TJ ji 2,700d .. p — I 
Tons solid per day * ^ ^ — 


'This formula may be arranged for slide-rule calculation 

where t =« seconds required to yield 1 cu. ft. pulp. 
p * specific gravity of pulp. 
d = specific gravity of dry solid. 

A: » a constant for any particular material. 



Water and Solids in Pi- 
Weight pulp Volume pulp 
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Tons solid per day — 

d « 2.5 2.6 2.7 2.8 2.9 3.0 

27k « 4500 4390 4290 4200 4120 4050 

p may be obtained by a hydrometer in the case of slime pulp, or by weighing in grams 
the contents of a glass or tin liter flask, or by weighing in pounds the content of a 
bucket graduated to hold 100 Ih. of water. (Such a bucket may he 14 in. in diameter 
and 20 in. deep, in which case the graduation for 100 lb. is about 18 in. from the 
bottom.) 100 lb. water = 1.6 cu. ft. The value of t may be observed with a stop 
watch in filling a 100-lb. bucket, but preferably with a much larger container. 

^ j j cubic feet per day X pounds per cubic foot 
Tons sohd per day 
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HYDROMETALLURGY OF COPPER 

By H. a Tobelmann^ 

Leaching is the term applied to the process of recovering a metal from an ore by 
a solvent or lixiviant and the removal of the resulting solution from the undissolved 
portion. In other words, leaching is the recovery of a metal from ore by a wet process. 

In general, beaching is applied only to ores that are not adapted to treatment at 
an equal or greater profit by the longer established methods, such as gravity concen- 
tration, flotation, or smelting. It has not yet been applied on a large scale to copper 
ores containing a considerable quantity of precious metals, as the recovery of these is 
not high with the usual copper lixiviants. Its most extensive application so far has 
been in the treatment of low-grade oxidized ore, in which the copper is largely soluble 
in dilute sulphuric acid. 

Th(^ oxidized coppe^r minerals, such as the carbonates and silicates, are readily 
attacked by a number of the more common acids and alkalies while the nonoxidized 
or sulphid(‘ minerals arci not and must first b(^ prepared by roasting, weathering, or 
other means of oxidation, either with or without added chemical agents. 

The beaching of copper ores can be carried out in the following ways: leaching in 
place, heap leaching, and confined leaching. 

Leaching in Place.^ — This method is based on the fact that, when an ore body 
containing sulphide is broken up so that botli air and water have access to the ore, 
the sulphide? portion of the mineral is decomposed and soluble sulphates are formed. 
Ihe chemical reactions involved in this transformation of sulphides into oxidized 
forms have been discussed by Lindgrenll). The behavior of sulphides of the same 
kind may b(^ very different, oxidation sometimes not taking place for a long period 
and then again taking place so rapidly as to show decomposition within a few weeks. 
'Jlie more porous and more absorbent the gangue, the more rapidly will the ore 
respond to treatment. This method, which consists of treating ore without removing 
it from the mine, has been applied only to exhausted ore bodies and to mines con- 
taining large quantities of ore of such low copper content as to make its removal 
unprofitable, and in such a broken-up condition as to be provided with ample crevices 
for the circulation of both air and solution. 

The action is very slow, but the method is inexpensive, the principal operating cost 
being the pumping and distribution of the solution and the iron and precipitation 
expense. The efficiency of the process in any particular case cannot be determined, 
as there is no known method of accurately determining the tonnage and copper con- 
tents either beffore or after operations. 

The leaching results are obtained by the intermittent circulation of water and air 
through the crevices in the ore. One of the greatest difficulties of the process is that 
the slimes gathered from the ore and the accumulated salts may in time fill these 
crevices and temporarily, if not permanently, protect the exposed ore from further 

* The chapter ia a major revision by the editor of H. A. Tobelmann’s original monograph. 

* References in this chapter are to similarly numbered references in the Bibliography at the close of 
the chapter. 
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leaching action. Usually, the rate of extraction is quite rapid at first, but it decreases 
continually. The solutions from such an operation are nearly always impure, and 
precipitation of the copper by scrap iron is the only method that can be considered. 

Leaching in place is neither new nor unusual and is recorded to have been successfully 
used on a small scale in Hungary during the fifteenth century. J. Parke Channing[2] 
states that copper was extrac^ted by this process from the Eureka mine in the Duck- 
town district as early as 1850. According to PJiilip Argali [3], the Cronebane mine 
in Wicklow County, Ireland, was a good example of the application of this method. 
In this case numerous small drifts were driven immediately under the gossan, and 
water was introduced into the loose gossan on the surface. The solution, after being 
directed from one level to another through stopes and fillings, was pumped from th^ 
lowest level to the surface, where the copper was precipitated. Irving[4] refers to 
similar operation at the Aznalcollar mines in Spain. It has also been applied to somi 
of the exhausted mines at the Rio Tinto[5]. The simplicity and the effectiveness oA 
this method remained apparently unnoticed in the United States until the spring ofl 
1923, when the Ohio (Copper Co. of Utah [6] began the leaching of a large body, esti-\ 
mated to contain about 38,000,000 tons at 0.3 per cent copper, of thoroughly broken 
copper-bearing quartzite. The shattered quartzite itself was practically inert to 
chemical action, while the copper minerals existing principally in the fissures of this 
material were readily attacked by the leach solutions. Thus, th(*rc was little danger 
of clogging the ore body by decomposition or alteration products, as is so apt to occur 
in monzonite-porphyry ore bodies. 

The operation consisted of carefully distributing on top of the caved ore area 
1200 to 1500 gal. per min. of solution made up of about two-thirds fresh water and 
one-third launder tailings solution. The solution going on th(i ore averaged about 
0.3 to 0.4 lb. of copper and 8 to 10 lb. of iron per thousand gallons. This solution 
percolated through th(5 caved ore and was collected at the bottom of the shaft, where 
it W 0 S directed to the precipitation launders, situated on both sides of a large haulage 
tunnel. The solution entering the launders averaged about 15 to 20 lb. of copper 
and 2 to 3 lb. of iron per thousand gallons. There were two parallel launders, 32 in. 
by 32 in. by 1600 ft. long, in which 97 to 98 per cent of this copper was precipitated. 
Additional launders outside the haulage tunnel were provided to precipitate any 
remaining copper. 

It will be noticed that iron was precipitated out of solution during its passage 
through the ore. This may have been due to hydrolysis or to the action of the ferric 
sulphate on the oxidized copper minerals in the ore, or both. Should this precipitation 
at any time seriously interfere with the percolation of solution, the further caving of 
a small quantity of ore, or acidulation of the water, would relieve this condition. It is 
of interest that solutions both going on and coming off the ore were practically neutral. 
Clean scrap was used and, due to the intelligent operation and supervision, an unusu- 
ally high-grade precipitate was the result. The average precipitate produced by this 
company analyzed over 90 per cent copper, the impurities being those due to the 
entrained solution and consisting principally of iron and aluminum sulphates. The 
cement copper usually produced from such operations will average not over 70 per 
cent copper. The production of such a plant is necessarily largely dependent on the 
fresh water available. The Ohio Copper Co. consistently produced some 700,000 to 
900,000 Ib. of copper per month, or approximately 30,000 lb. per day. The total 
cost of operation has been published[7] as being 6 to 63^ cents per pound, f.o.b. New 
York, a cost that is rarely equaled. Of this amount, 50 per cent represented the 
pumping and precipitation costs. 

Leaching of a mined-out area at Ray mintis in Arizona was begun in January, 
1937, using fresh water only as the lixiviant, and shredded tin scrap as the precipitant. 
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Precipitation should be carried on underground when conditions make it practical. 
The warmer the solutions, the more efficient both the leaching and the precipitation 
will be. Also, it is more difficult to pump solutions containing copper sulphate than 
those containing iron sulphate. Efficient precipitation cannot be accomplished with 
heavy scrap iron like car wheels, slag pots, and old rails, yet this is the practice gener- 
ally tried, resulting in condemning the precipitation of copper by iron in general. 

Heap Leaching. — This method of leaching is probably one of the oldest, if not 
the oldest, of the methods for the recovery of copper from ores. It is said to have 
been used as early as 1752[5] in recovering the copper from cuperiferous pyrite in 
Spain. This method, like the one first described, depends on the natural oxidation 
of the sulphide minerals by continual subjection to air and water. The chemistry 
of this oxidation has been much discussed, but still it is not accurately known [8]. 

Ores, both sulphide and mixed ore, which must be removed from the mine but 
which are too low grade to treat at a profit by any other method, can be treated by 
heap leaching. This is generally carried on as follows: 

Ground with a slight slope is selected. It is cleared of any growths and is then 
rolled and packed with clay or slimes to make it as near waterproof as possible. Large 
boulders of ore are selected for building culverts and cross culverts for drainage and 
ventilation purposes, and the drainage is directed to a common point. The ore, 
without crushing or other prtiparation, is now carefully piled on this prepared area. 
In some cases, it has been found helpful to classify the material to the extent of placing 
the coarsest material on the bottom and the finest on the top as an aid to both the 
ventilation and the solution circmlation. The top of the ore piles is provided with 
distributing trenches. Solution, consisting at first of fresh water and later of waste 
solution from which the copper has been precipitated, is directed over the ore pile. 
The wetting is so conducted that, while a certain section is being saturated with 
solution, other sections are permitted to heat and oxidize. In each passage of the 
solution through the ore, the sulphates that have formed from the oxidation of the 
sulphides are dissolved and washed away. The solution emerging from th(\ bottom 
of the pile is directed to a sump, from which it is pumped to scrap-iron precipitation 
launders, wdiere the copper is recovered as cement copper. The solution with the 
copper removed is pumped back to the ore for further leaching. 

The method is quite simple, but the reaction is very slow^ As years are required 
to obtain a commercial extraction, this method can be profitably applied only to very 
large tonnages. The principal method of recovering copper at Rio Tin to has been 
by a heap-leaching process. Two classes of ore are leached by this method, a pyrite 
and a quartz. When leaching sulphides, the fines and the coarse are treated together. 
The heaps are 10 to 40 ft. high. The tops are divided into squarc^s for better solution 
distribution. According to De Kalb [5], at one time there were about 20,000,000 tons, 
occupying about 350 acres, undergoing treatment. The heaps have been placed 
on a gently sloping hillside having a naturally impervious floor. About 150 gal. of 
solution per ton of ore per year is required. About 60 per cent extraction is generally 
made in the first 3 years, wffiile 7 to 9 years is required to bring this up to 80 or 
85 per cent. It is also said that some of these piles have been under treatment for 
nearly thirty years. The pyrite itself is barely attacked and is sold for its sulphur 
value. 

Some data are also available on operations at Sacramento Hill, Bisbee, where 
heaps containing over 1,800,000 tons of ore were leached. In the first 21 months, 
37.28 per cent of the copper was extracted at a cost of about 5.5 cents per pound. 
The loss of, and absorption of, water amounted to 24)4 P^r cent of the total sent to the 
heap. The first heap (750 X 1800 ft. base) had an analysis of Cu, 0.92 per cent; 
SiOa, 63.5 per cei\t; ALOa, 11.2 per cent; CaO, 0.7 per cent; S, 6.8 per centlSl]. 
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In leaching the old waste dumps at Tyrone, New Mexico, it was found necessary 
to direct the leaching water into the dumps under pressure. If this was not done 
there was channeling, and test pits showed unleached portions. Oxidation appeared 
accelerated by alternate wetting and drying. Baled factory scrap was found the most 
satisfactory precipitating base. About 1.30 lb. was consumed per pound of copper 
recovered[52]. 

Heap roasting followed by subsequent heap leaching has been practiced. Schn abel 
speaks of a process at Rio Tinto which consisted of slowly roasting elliptical htjaps of 
sulphides containing some 1500 tons of ore. After roasting, the pile was leached with 
water, whereupon the larger portion of the copper was recovered. The partially 
leached ore was now restacked over horizontal flues to permit of thorough ventilation 
and was moistened from time to time, whereby much of the remaining copper was 
recovered. The copper was precipitated by iron. I 

Conflined Leaching. — By ‘‘confined leaching,^’ the leaching of an ore in tanks or vatsi 
is meant. This may be accomplished in two ways, either by agitation or by solution 
circulation, depending largely on whether or not the ore must be finely ground to 
give a profitable extraction. This form of leaching may be divided into the following 
principal operations: (1) reduction to size, meaning the ncjcessary crushing, grinding, 
and screening; (2) the converting of the copper mineral to an oxide or sulphate by 
roasting or otherwise, if it exists in a nonoxidized form; (3) dissolving the copper in 
the cheapest and most suitable reagent and removing the resultant solution from the 
undissolved portion of the ore; (4) washing the treated ore so as to r(*cover the entrained 
copper solution; (5) the precipitation or removal of the copper from these pregnant 
solutions. 

Reduction to Size. — The fineness to which an ore will have to be crushed to giv(? 
a commercial extraction is largely dependent on its porosity, the size of the mineral 
grain, the degree of dissemination, and the rapidity with which the mineral is attacked 
by the lixiviant used. 

In most cases where copper ores arc treated by leaching, the miruTal ('xists as 
seams or filling of fissures, and fine grinding is resorted to only wlnui rapid extraction 
is desirable or necessary. Rarely, however, is the copper-bearing mineral so dis- 
seminated and so surrounded by an impervious gangue that fine grinding is necessary 
for releasing the mineral particles in order to give access to the solvent. 'Fhc lypical 
material leached at Cliuquicamata is an example of the copper mineral occurring in 
seams and the filling of fissures, whereas the material treated at Ajo would be an 
example of the more distributed copper minerals. 

The influence of screen size on extraction can be seen from the table on page 
349. This table shows the mesh, the percentage of copper in heads and in tailings, 
and the extraction on material of the different mesh for the year 1920 at the New 
Cornelia Copper Co.’s plant at Ajo, Ariz.[101. During this year sizing tests were 
made of each head and tailing sample, composited monthly and analyzed. The 
average for the year was then computed. 

The coarser the mesh that can be leached, the less will be the cru.shing expenses and 
the more efficient the circulation. As the time required to leach an ore depends almost 
entirely on the solution penetration, it can be that the larger the particle of 
ore, the longer the time that will be required to dissolve the copper. The treatment 
of coarse material entails less expense not only as to crushing, but it is simpler to 
remove the dissolved copper, there is less copper entrained in the final material dis- 
carded, and less impurities will be dissolved per unit acid neutralized. Coarse 
grinding will permit leaching by percolation in tanks in which the material is stationary 
and the lixiviant moving, so that leaching and removal of the dissolved copper from 
the gangue are coincident. 
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Distribution of Copper in the A jo* Heads and Tails 


Heads, per Cent Cbpper 


Mesh 

Per cent 

Total 

Oxide 

Sulpiiide 

(t)y 

difference) 

Soluble 

Insoluble 

(by 

difference) 

On 3 

26,6 

1.37 

1.23 

0.14 

1.28 

0.09 

On 4 

18,6 

1.33 

1.18 

0.15 

1.23 

0.10 

On 6 

13.2 

1.39 

1.25 

0.14 

1.30 

0.09 

On 8 

9.1 

1.46 

1.30 

0.16 

1.34 

0.12 

On 10 

6.4 

1.55 

1.39 

0.16 

1.43 

0.12 

On 14 

5.0 

1.62 

1 46 

0 16 

1.49 

0.13 

On 20 

3.1 

1.75 

1.57 

0.18 

1.62 

0.13 

Through 20 

18.0 

2.06 

1 82 

0 24 

1 88 

0.18 

C/aleulaied 

Too.o 

1 .534 " 

1 ^368 ~ 

” 0 . 167 

^ r4i6 

O.flS 


I'aHings, per (vent Copper 


Mesh 

Per cent 

Total 

Oxide 

Sulphide 

(by 

difference) 

Soluble 

Insoluble 

(by 

difference) 

On 3 

25.8 

0.47 

0.35 

0.12 

0.37 

0.10 

On 4 

20.1 

0.32 

0.21 

0 10 

0.23 

0.09 

On 6 

12 5 

0.25 

0 14 

0 11 

0.15 

0.10 

On 8 

8.7 

0.21 

0.10 

0.10 

0.11 

0.10 

On 10 

7.2 

0 21 

0 09 

0.12 

0.10 

0.11 

On 14 

4 8 

0 21 

0 11 

0.10 

0.11 

0.10 

On 20 

3 8 

0.22 

0 11 

0.11 

0 12 

0.10 

Through 20 

17 1 

0.35 

0 19 

0 16 

0.18 

0 17 

(?aleulated 


^ 0.328 

0.210 

0.122 

0.223 

0 lio 


Per (^ent PiXtracjtions 


Mesh 

On total 
copper 

On oxide 
copper 

On sulphide 
copper 

On soluble 
copper 

On 3 

65.69 

71.5 

14.3 

71.1 

On 4 

76.00 

82.2 

16.5 

81.3 

On 6 

82.03 

88.8 

21.4 

88.5 

On 8 

85.62 

92.3 

31.3 

91.8 

On 10 

86.45 

92.8 

25.0 

93.0 

On 14 

87.04 

92.4 

37.4 

92.6 

On 20 

87.43 

93.0 1 

38.8 

92.6 

Through 20 

83.01 

90.2 

29.2 

90.4 

( 'alculatod 

78.50 

84.9 

27.0 

84.3 
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In treating coarse material, i# is very important to have as much of the material 
of the same mesh as is practical, as oversize will not be leached and fines will inter- 
fere with solution percolation. The necessity of a uniform product for consistent 
extractions resulted in the adoption of disk crushers[ll] at Ajo. 

As a rule, the richer the material to be leached, the finer the grinding necessary for 
economical extraction. However, the smaller the mesh, the greater the quantity of 
slimes produced and the less efficient will be leaching in tanks. Slimes, when present, 
cause channeling, which prevents even distribution of solution and interferes with 
uniform extraction. When fine grinding is resorted to, the material must be classified 
and the sands and slimes separately treated. Where no classification and s()parate 
treatment is feasible, the product must carry the minimum quantity of fines to prevent 
interference with percolation, j 

When finely divided material is leached, both the solids and the solution are! 
moving and the s(^paration is accomplished by the standard methods of settling,' 
decanting, and filtering. Probably the coarsest material being treated by a leach- 
ing process in tanks and by circulation is at C'huquicamata, where 90 per cent of the 
material is crushed to pass a 0.371-in. screen. At Ajo about 27 per cent remains on 
the 0.261-in., or approximately M-in., screen. 

The importance of proper crushing may be seen by the following: If the ore leached 
at Ajo had been so crushed that the mat(‘rial rc'maining on 3 m(‘sh were crushed to 
pass 3 nujsh but not to j)ass 4 mesli, the extraction would have been increased a little 
more than 2 per cent, or approximately 0.6 lb. of copper p(‘r ton of ore. 

In any form of leaching, whether with an acid or an alkali solvent, slimes must be 
avoided as mu(*h as possible. 

Oxidation or Roasting of Sulphides. — As has already be(ui stated, copp(ir in an 
oxidized form is quite soluble, while in the sulphide form it is not. Roasting, w hich 
is essentially oxidation, is resort('d to, and ores that are proposed to be treated by a 
wet proc(‘ss and that consist of all or j)art sulphides must be roasted. 

During roasting, sulphides are not only oxidized f)r converted to sulphates but 
under proper conditions a large part of undesirable elements, like arsenic, antimony, 
and bismuth, can be volatilized. Heat-treatment, such as roasting or thorough dehy- 
drating, is an advantage to many or(*s, making the impurities less soluble and leach- 
ing and filtration less difficult. 

To obtain the best results, the proper roasting conditions must be determined 
for each ore. The literature on the subj(‘ct is fjxtensive and covers a great many 
different conditions. It has been found possible umler propter conditions so to roast 
an ore as to convert practically the total coppcjr present in a mixed ore to a water- 
soluble 8ulphate[12]. 

Roasting is frequently carried on in the presence of, or witli the aid of, a reagent, 
usually sodium chloride, or common salt, with the object of converting the copper 
into a more soluble chloride and the silver into a more soluble compound. Roasting 
with sodium chloride, however, requires careful regulation of temperature, since, 
under certain conditions of temperature and certain ratios of salt and sulphur, the 
copper may be almost completely volatilized (see Chap. XV 1 1, C’hlorine in Metallurgy). 

Dissolving the Copper. — Many lixiviants have been proposed for dissolving the 
copper in an ore. These include both acid and alkalies and are, in order of their 
importance, sulphuric acid, ammonia and ammonium carbonate, ferric sulphate, 
sulphurous acid, ferric chloride, cupric chloride, hydrochloric acid, chlorine, and 
nitric acid. 

Of these, sulphuric acid is the cheapest and the solvent most commonly used. 
It reacts readily with the oxidized copper minerals, forming copper sulphate. Its 
action on the copper sulphide minerals is practically negligible. It is, unfortunately, 
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also a ready solvent for many other constituents of ores in which the copper minerals 
occur — ^in some cases, to such an extent that it cannot be profitably used. It is always 
used as a dilute solution, probably never exceeding 10 per cent and seldom exceeding 
5 per cent, depending upon the grade of the ore, the time of contact, and the tempera- 
ture of the lixiviant. Sulphuric acid has a selective action for copper and in very 
dilute solution will react with copper in preference to the other constituents of the ore. 

It has long been recognized that in the leaching of copper ores, as in cyaniding 
gold ores, the product of the time of contact and the solution concentration is a 
constant. In other words, if a given ore is leached on a given mesh for 8 days with 
an average acid concentration of, say, 2.5 per cent, the same extraction will be obtained 
as when leaching this material 16 days with half the acid concentration, or 1.3 per 
cent. The important fact, however, is that in the case of the greater concentration 
only 50 per cent of the acid was used in dissolving coppe^r, while more than 75 per 
cent was used when using the lower acid (ioncentration. In other words, the lower 
the a(hd concentration, the less impurities will bo dissolved. In leaching with sul- 
phuric acid, the acid is one of the largest, if not the largest, item of expense, and 
when electrolysis is used to precipitate the copper, much of the acid combined with 
elements other than copper is permanently lost. Impurities are objectionable not 
alone from the point of excessive acid consumption, but also because of their accumu- 
lation when the method of precipitation is such that the solution may again be used. 
Also, impurities may accumulate in a solution to such a point that it will be no longer 
efficient and it will have to be discarded. The largest leaching plants operated, ('hile 
Chopper Ck), at ('huquicamata, the now abandoned New Cornelia Chopper Co, plant at 
Ajo, Ariz., and Andes Copper, at Potrerillos, us(id dilute sulphuric acid avS the leaching 
agent. 

The subject of sulphuric acid leaching processes would not be complete without 
reference to the ex(;(ilent process dt'vised by Greenawalt[29]. While this process Ls 
very similar in many respects to that \iHed at Ajo, each was developed independently. 
The Greenawalt process has two outstanding features. These are (1) the continuous 
reduction of the ferric sulphate with sulphur dioxide by circulating the cell solution 
in closed circuit with the reducing apparatus; (2) the precipitation of the copper in 
the discard solution by means of hydrogen sulphide instead of with scrap iron as at 
Ajo. 

This process is applicable to oxidized as w^ell as to roasted sulphide ores. By this 
continuous reduction feature, Greenawalt states that he is able to reduce the copper 
content of the solution going through the electrolytic cell to a greater degree than with 
simple rediKtion as carried on at Ajo. 

For the removal of the copper from the solution that must be discarded, Greena- 
walt uses hydrogen sulphide. T'his is effective in various acid concentrations and has 
the advantage of leaving the solution in condition for further use as a lixiviant should 
this be desired. It is very doubtful, however, if the cost of the precipitation of the 
copper from waste solutions by hydrogen sulphide is less expensive than precipita- 
tion by scrap iron. Fiom tests conducted at Ajo, the costs are about the same, wdiile 
the solubility of the copper sulphide precipitate in dilute ferric sulphate is not appre- 
ciably different from that of cement copper. 

The main feature of the Greenawalt process is the continual generation of sul- 
phuric acid. The process, when operated under proper conditions, may be made self- 
sustaining. As the cost of sulphuric acid is one of the largest items of expense in 
leaching, the advantages of this process may readily be seen. 

At Ajo, where the ferric sulphate in the solution going to the electrolytic cells w^as 
r(Hluced with sulphur dioxide, there were periods when the sulphuric acid produced 
in the towers alone was sufficient to carry on the leaching process. 
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Ammonia and Ammonium Carbonate. — Next to sulphuric acid in importance 
and efficiency as a leaching agent may be mentioned ammonia and ammonia com- 
pounds. In the presence of air, ammonia and ammonia salts react quite energetically 
with metallic copper and oxidized copper compounds. The active constituent is the 
cupric ammonium carbonate that is formed and which reacts with the copper minerals^ 
forming cuprous-ammonium carbonate. In the presence of air, the cuprous compound 
is rapidly oxidized to cupric, and again becomes an active leaching agent. When a 
solution containing cuprous or cupric ammonium carbonate is heated, both the 
ammonia and the carbonic acid are distilled off and condensed while the copper is 
precipitated as a cuprous or cupric oxide. There is no fouling of solution. 

This process is said to have been originally developed in Germany[13, 14]. In 
1871, in a paper read before the A.I.M.E., the matter of native-copper losses in thei 
Calumet & Ilecla tailings was discussed and the fact brought out that this copper 
could be dissolved in solutions of ammonia salts. Some years later when the treat- 
ment of these tailings was again considered, ammonia-leaching tests were conducted 
which resulted in the erection and operation of the present plant, in which some 8000 
tons per day is treated. 

The material treated at the Calumet plant is finely divided metallic copper in 
sands. This metallic copper is at all times covered with a thin film of oxide which is 
rapidly dissolved in ammonia in the presence of an ammonia salt. If the metallic 
copper is again subjected to the air, it will again be covered with a thin film of 
oxide which will dissolve. These reactions are the basis of the ammonia-l(?aching 
process. 

The early difficulties of the process are said to have been the loss of the highly 
volatile ammonia W'hich occurred both during the le^iching and during the boiling of 
the solution. BenedictllS] fo\nid that this loss was not solely due to volatilization 
but to a larger extent to adsorption of ammonia by th(' ore particles. This loss 
increased wdth the strength of solution. By using only a weak solution, treating low- 
grade material, and driving off the adsorbed ammonia from the tailings by steam before 
discharging, Benedict found that these losses could be reduced to a minimum. This 
process when applied to the Calumet tailings gives an average extraction of about 
80 per cent. 

At the Kennecott Copper Corp. at Kennecott, Ala8ka[15, 16], copper carbonate, 
both azurite and malachite, occurred with chalcocite in dolomite and limestone. 
The ore was treated by milling, whereby most of the sulphide (‘opper and about 60 per 
cent of the oxidized copper mineral are recovered. 

The tailings from the milling process were screened at 20 mesh, the undersize going 
to tables and the oversize to Hancock jigs. The tailings from the coarse tables and 
jigs furnished the leach ing-plant head, while the fine sand and slime-table tailings 
were treated by flotation. 

The original lixiviant contained about 6 per cent NH», but owing to the success of 
w^ashing the ore with low-pressure live steam, concentrations of as high as 11 per cent 
were eventually successfully used. Much difficulty was at first experienced with 
corrosion of iron and steel evaporator equipment by ammonia vapor. Aluminum 
was substituted in the condensers and concrete in the storage tanks. The ammonia 
loss, after the introduction of the live-steam wash, was cut to 0.45 to 0.60 lb. NHj per 
ton of ore treated. Steam consumed was about 220 lb. per ton of ore, 65 per cent 
in the evaporators, 45 per cent in the steam wash. Multiple-effect evaporation was 
used. 

An ammonia process known as the Perkins processflS] is said to have given excel- 
lent results on some of the low-grad^J ores of the Southwest. This process consists of 
heating the ore to be leached in a reducing atmosphere, during which all or a large 
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part of the copper mineral is converted into metallic copper. It is then leached with 
ammonia. 

Ferric Sulphate* — Ferric sulphate is not only an active solvent of most oxidized 
copper minerals, but also quite an active solvent of free copper sulphides. Complete 
extraction is possible on oxides and on carbonates in comparatively short periods, while 
sulphides are more slowly acted upon. To overcome the resistance of double sul- 
phides, such as chalcopyrite and bornite, to this reagent, a partial roasting was sug- 
gested by Thomas. This was found very helpful, and under proper roasting con- 
ditions commercial extraction may be obtained from sulphide ores with ferric sulphate 
as the lixiviant. Heat was found to promote the leaching reaction. 

Much careful work has been done with tliis reagent. Probably the earliest is that 
of Siemens & Halske, who, in 1890, introduced a process that consisted of leaching 
an ore ground to 90 mesh with hot dilute ferric sulphate. The copper was precipi- 
tated electrolyticaJly, using insoluble anodes and the lixiviant regenerated. The 
results obtain(id by Siemens & Halske were disappointing and did not warrant its 
further introduction. This work, however, is the basis of most ferric sulphate proc- 
esses. There is no doubt that, had there been available to these investigators the 
present knowledge of the use of insoluble anodes, diaphragms, tank linings, etc., 
the results would have been very different. 

Among th(' large-scale tests made with this reagent, probably the more important 
^ are those made at C^'ananea, Sonora, by the C'ananea (bnsolidated Copper Co. [24] 
and at Ray, Ariz., by Westervelt[241. At ('ananea the principal difficulty encountered 
appeared to be the r('gen (‘ration of the lixiviant. At Ray, the raw or(^ was leached 
with hot dilute ferrit*. sulphabi and the copper was pr(‘cipitated eh'ctrolytically. 
This lat(»r work was practically a modification of the Siemens & Halske process, and, 
as at Canan(ui, the regeneration of the solv(‘nt appeared to be the principal difficulty. 

In heap leaching, as practiced at Rio "J'into, wlu^re copper is extracted from mas- 
sive iron pyrite, the (ixtraction deptmds upon the action of ferric sulphate. By proper 
(!ontrol of the ventilation and the wetting of this ore, ferrous sulphate is formed, which, 
on further action, change's to ferric sulphate and, as such, dissolves the copper. 

Sulphur Dioxide. — Sulphur dioxide is n'adily absorbed by water, forming sul- 
phurous acid. As such, it is an active solvent of many oxidized copper compounds. 
It can generally be cheaply and easily seimred, Jis nearly all districts containing copper 
also contain some sulphur. 

Ore containing liigh acid-so.hible constituents are especially adaptable to sulphur 
dioxide leaching. Copp(*r sulphite is formed. This is unstable and is readily con- 
verted into cuprocupric sulphite and copper sulphate. Cuprocupric sulphite is 
slightly soluble in w^ater, but is easily soluble in sulphur dioxide and in cupric sulphate. 

The use of sulphur dioxide as a leaching reagent has bc'en very attractive, with the 
result that much experimenting has been done and many processes have been devised. 
Of these processes the earliest one is probably that of Neill and Burfiend, a patent 
for which Avas is.sued about June, 1902. This process consisted of subjecting the ore 
to the action of sulphur dioxide to dissolve the copper, removing the solution from the 
ore and then heating it to drive off the excess of sulphurous acid and precipitate the 
copper as sulphite. 

The pro<*,ess was given a rather extensive trial on the sandstone copper ores of 
northwestern Arizona[181, but the work was discontinued before the value of the 
process was definitely established. The instability of the copper compounds appeared 
to be the principal difficulty. Joseph Irving, Jr. [23], describes some leaching tests 
made at the Nevada-Douglas Consolidated Copper Co., where -wetted fine ore was 
brought in contact with hot sulphur dioxide gas. The copper was precipitated upon 
"icrap iron. The process was devised by O, C. Westby and S. S. Sorenson. 
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Many other commercial or near commercial tests were made along similar lines, 
but up to this time (1942) there are no large installations of this kind either in process 
of construction or in operation. That this reagent has many attractive possibilities 
is, however, generally conceded. 

This problem was taken up and seriously studied during 1917 and 1918 by the 
U. S. Bureau of Mines[19l. It was thought that a successful process, compact and 
apparently inexpensive, had been developed. The operations w('re simple and readily 
controlled. They consisted of passing a mixed ore pulp through a revolving drum con- 
taining baffles to impede the progress of the ore, countercurrent to hot sulphur dioxide 
gas. The copper was brought into solution during the passages of the pulp through 
the drum, and was later recovered either by precipitation on iron direct, or by pre- 
cipitation on iron and then floating the metallic copper precipitate. 

During the development of this process[20], it was found that the pulp from the 
treatment of a roasted ciipriforous pyrite by this process contained an unexpected 
quantity of free sulphuric acid. ( Weful investigation brought out the fact that dilute 
sulphur dioxide gas had a tendency to oxidize the ferrous sulphate to the ferric state 
and produce free sulphuric acid. In other words, when ferrous sulphate is agitated 
under certain conditions with air and sulphur dioxide, the ft'rrous sulphate is oxidized 
to ferric and free acid is produced. It was found that the free acid concentration so 
produced could be carri(‘d to as high as 5 per cent. 

Chlorides. — Of the various cldorides that have b(‘en suggest(‘d, ferric cliloride 
is probably the most important, on account of its cheapness and the ease with which 
it may be regem^rated. It not only has the property of readily dissolving the oxides 
of copper, but it quite actively decomposes many of th(^ sulphides of copp(T. Its 
application as a leaching reagent for copper ores was m(‘ntioned as (nirly as 1859. 

Ferric chloride, while similar to ferric sulphate in its effect on copper ores, is less 
apt to form basic salts, and attacks other elements more readily. C'upric or cuprous 
chloridt^ are formed by the action of ferric chlorid(5 on copp(‘r sulphides, the fc'rric 
chloride being reduced to ferrous, and, as such, may be regenerated by (thlorine. 

The Doetsch pro<‘ess, based upon the reaction between ferric; chloride and copper 
sulpliides, was once extensively used at Rio Tinto. This process consistc'd of leaching 
large lu^aps of half-inch ore, previously mixed with salt and ferrous sulphate, with a 
dilute solution of ferric chloride. The ferrous chloride productnl during the leaching 
was converted to ferric by bringing the solution in contact with chlorine* gas, in 
scrubbing towers. 

The Froelich process consists of agitating finely ground ore with a warm ferric 
chloride solution and precipitating the copper with metallic iron. 

Both processes have merit and warrant further inve^stigation. 

Ferrous chloride has also been used to some extent as a lea(diing agent. Th(' most 
notable application of this lixiviant is in the Hunt & Douglas pro(;es.s[25l. Roast<;d or 
oxidized ores were treated with a neutral solution of ferrous chlorkle and sodium sul- 
phate. As this reagent does not dissolve arsenic, antimony, and various other ele- 
ments highly objectionable to copper, the precipitate was very pure. I'his method 
was later somewhat modified, and a comparatively large tonnage of material for lhat 
time was treated by this process. 

The Hoepfner process, in which cupric chloride was used as a lixiviant, at one 
time received much attention. The copper is precipitated electrolytically from a 
cuprous chloride solution; the cupric chloride which is formed during deposition, is 
used as the solvent for further copper. The principal obstacles to the success of this 
process were the tendency of the cupric chloride to dissolve the deposited copper and 
the necessity of continual solution purification. 
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Chloridizing, roasting, and leaching have found quite wide application as the 
Longmaid-Henderson[35] process, which is at the present time the principal process 
employed in recovering copper from pyrites cinders. The crushed cinders mixed with 
salt and sometimes with pyrite are treated in special muffle furnaces. The material 
so treated is then discharged into tanks and leached with water, precipitating the 
copper with iron. 

The advantage of chlorine as a reagent has long been recognized, and its intensive 
action on the ores of the various metals has been also investigated. The i)rincipal 
obstacles in the use of this reagent arc mostly mechanical and not chemical. The 
application of chlorine will find its greatest field in ores carrying, besides copper, 
precious metal values. 

Nitric Acid. — The proposal to use nitric acid as a leaching agent is quite old, 
dating back at least to 1874. The fundamental idea is to employ the nitric acid 
as a catalyzer to obtain a complete oxidation of the sulphides to sulphates by means 
of atmospheric oxygen at a comparatively low temperature. The use of nitric acid 
for decomposing sulphide ores in analytical work is old. It has been proposed to 
feed finely crushed ore, with the proper proportion of nitric acid, into a rotating 
furnace, similar to a cement kiln, which is h(‘ated near the lower end to a temperature 
sufficient to (;xpel comph^tely the nitric acid and the oxides of nitrogen after the 
sulphating reaction is comph'tcd. TIk' presence of sulphuric acid d(?rivcd from the 
pyritic- sulphur wiJl assist the d(*composition of any nitrates that may be formed. 
The sulphaUni ore w^as to b<*. leached in the usual way. The nitric acid vapor and 
lower oxides of nitrogem were to be recovered by a suitable tower and scrubbing 
system, and converted through the ag(mcy of atmospheric oxyg(m and water into 
nitric acid. The nitric acid required is directly proportional to the quantity of 
sulphides in the ore. 

The success of this process depends \ipon minimizing the loss of the nitric acid 
which may occur in three ways, viz,j through the formation of nitrous oxide and 
free nitrogen, which cannot readily be converted into nitric acid; through the incom- 
plete expulsion of nitrogen compounds from the sulphated ore; and through leakage 
and inefficiency of tlie recovery system. 

The use of nitric acid as a leaching agent under certain conditions has been patented 
at various times. Of these, the Rankin process[21], in which ore is treated with nitric 
acid in a closed vessel with temperature not over is probably the best known. 

This process was tried out at the Nevada Douglas Copper Co., Ludwig, Nev.[22l. 

From all accounts, the nitric acid process seems worthy of consideration, particu*^ 
larly for the treatment of low-grade sulphides as well as low-grade ore containing both 
oxides and sidphides. 

Nitric acid is ])robabl3" the most active of all solvents for copper ore and will 
energetically attack both the oxides and the sulphides, but the successful operation 
of this procjoss wull di'pend upon being able to obtain a high percentage recovery of this 
rather expensive reagent so as to distribute the cost over sufficient copper to make the 
process commercial. 

Washing. — After the copper values have been dissolved from the ore and the 
solution drained off, there is still present a large quantity of dissolved copper as 
entrained solution. In some cases this entrained solution may amount to between 
one-half to one-third of the total copper dissolved from the ore. When an ore has 
been leached by percolation, this dissolved copper may be recovered in either of two 
ways: (1) by filling tiio interstices wdth w^ater and circulating this water, draining, and 
repeating this operation until the entrained copper is negligible; (2) by filling the 
interstices pf the ore with water and then drawing it off at the bottom, keeping the 
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material covered and the interstices filled until the draining shows a negligible quantity 
of copper. This latter method is called the piston method.” It is claimed to use 
less water, require less time, and cause less trouble than the first method. The former 
is the method used at Ajo, the latter is the method used at Chuquicamata. 

Precipitation. — The methods of precipitating copper from the pregnant acid or 
neutral solutions are, in the order of their importance: (1) precipitation as the purest 
form of copper by electrolysis, usually from copper sulphate electrolyte; (2) precipi- 
tation as impure metallic copper by some form of metallic iron from sulphate or 
chloride solutions; (3) prcMiipitation as metallic copper with sulphur dioxide under 
heat and pressure when applied to sulphate solutions; (4) precipitation with hydrogen 
sulphide as copper sulphide. 

In the processes in which ammonia and ammonium carbonate are used as a lix-j 
viant, the copper is precipitated out of solution by simply boiling off the ammonia.l 
At the present time, the first two, onty, are of commercial importance in the treat- 
ment of pregnant solutions obtained from acid lixiviants. 

Precipitation by electrolysis is very similar to electrolytic copper refining. The 
principal difference is that in the former case insoluble anodes are used and the copper 
is taken out of the solution, w^hile in the latter case the anodes are soluble and replenish 
the copper contents of the electrolyte as it is withdrawm. 

The resulting product, electrolytic cathodes, is the purest obtainable commercial 
copper, is easily handled, and has only to be meltc;d into shapes to meet commercial 
requirements. The impurities occurring in refinery solutions are generally more 
serious than those existing in leaching solutions. Refinery electrolytes are frequently 
apt to contain arsenic and antimony in quantities sufficient to contaminate the copper. 
None of the leaching solutions treated at the present time by electrolysis contain 
appreciable quantities of arsenic or antimony. The impurities that do oc(;ur in 
leaching solutions arc readily eliminated by simple fusion. 

Copper has been precipitated from chloride and oth(‘>r electrolytes, but not on a 
large enough scale to warrant discussion. Probably all the copper sulpliate leaching 
solutions containing over a certain percentage of copper can be prepared for 
electrolysis. Its application will depend almost entirely on the cost of power. 

Alumina, iron, magnesia, and sodium are the principal elements besides copper that 
occur in leaching-solution eh'ctrolytes. Of these impurities, the iron, on account of 
its alternate oxidation and reduction, thereby uselessly consuming current, is the 
most important one. 

When electrolysis is used to precipitate copper from solution, the acid that was 
combined with the copper is regenerated. The impurities, however, accumulate and 
must be removed. 

This ferric sulphate problem may be remedied in three ways: (1) by the use of a 
diaphragm or porous partition, so that the ferrous iron that is oxidized at the anode 
cannot come in contact with the deposited copper at the cathode; (2) by purification 
of the solution previous to electrolysis; (3) by keeping the ferric sulphate contents of 
the electrolyte at as low a point as is possible by continual reduction with sulphur 
dioxide. 

The use of a diaphragm anode as a method of solving the ferric sulphate problem 
has not been applied on a large scale, principally because no sati.sfactory commercial 
diaphragm has yet been developed. While the advantages of a properly constructed 
diaphragm would be very important, its use would probably be limited to cases in 
which ferric sulphate is to play the more important part as a leaching agent, as with 
the simple sulphides of copper. 

Purification of solution is commercially practical. Such a method, based on the 
Ottokar Hoffman [26] process of purifying copper sulphate solutions and applied to the 
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treatment of leach solutions, was tried at Ajo. This process, invented by Pope and 
Hahn[27], consisted of treating the ore with two lixiviants, a low and a high acid. The 
former dissolved much copper and few impurities, the later dissolved the balance of 
the copper and a greater quantity of impurities. The later solution was purified by 
heating, and then agitating with air after the addition of sufficient roasted copper 
concentrates, to precipitate the iron. The solution is filtered, the filtrate is added to 
the first leach liquor, and both are electrolyzed. Between 75 and 85 per cent of the 
total impurities in the electrolyte were removed. These tests were discontinued before 
the value of this process was definitely proved. 

The reduction of the ferric sulphate by sulphur dioxide is very simple and is no 
doubt the cheapest and most efficient way to meet this problem. Its use for such a 
purpose is not new, having been suggested as far back as 1908. 

The application of sulphur dioxide for this purpose on a large scale was quite openly 
ridiculed. As late as 1914, the engineers on the New Cornelia Chopper Co. test plant 
were advised that reduction with sulphur dioxide on a commercial scale was impossible 
and were urged to give up this matter. No trouble was experienced except that it 
was found that, as may be expected, the more nearly neutral a solution is, the more 
easily it may be reduced. 

Sulphur dioxide is cheap, the application for reduction is simple, and for each pound 
of sulphur used in reducing ferric sulphate 3.5 lb. of free sulphuric acid is produced. 
About 30 to 35 tons per day of ferric sulphate is reduced to ferrous sulphate with 
sulphur dioxide in the reduction towers of the New Cornelia Copper Co. To obtain 
this result, some 35 to 40 tons of sulphide ore containing 40 per C/Cnt sulphur is roasted 
to a calcine containing about 6 i)er (umt sulphur. During this operation about a 
hundred tons of fre(*- sulphuric acid is regenera t<jd, or about 75 per cent of the total 
required b}' the leaching plant. Under proper conditions the acid produced by the 
ferric sulphate reduction will be sufficient to carry on the process without the addition 
of acid from other sources. 

The sulphur contemts of the gas employed in reduction is not of vital importance, 
although, naturally, tlie higher the SO 2 , the more efficient will be the absorption. The 
gas used at Ajo was as low as 3 per cent and as high as 8 per cent, with an aA’^erage 
of about 5^2 per cent for years of operation. The use of towers for reduction proved 
satisfactory. For the entire 6 years, the ferric sulphate contents of the solution enter- 
ing the electrolytic tank house averaged 0.10 per cent or less, while for 4 yciars the 
average was less than 0.05 per cent. 

(iHMuiawalt appears to have somewhat improved the process of intermittent 
reduction as used at Ajo by connecting each set of depositing cells w'ith a sulphur 
dioxide reducing apparatus. In this manner, the ferric sulphate is reduced nearly as 
fast as it forms, and the continually increasing acid contents to some extent compen- 
sate for the decreased copper contents in the resistance of the coll, and more copper 
can be deposited per cycle than at Ajo. 

In the Greenawalt process rapidly revolving disks, the peripheries of which just 
touch the surface of the solution and thereby produce a continuous quantity of exceed- 
ingly fine spray, are used in place of towers for reducing purposes. 

The electrolysis may be carried on in either lead-lined or asphalt tanks. The 
former are used at Ajo, the latter at Chuquicamata. 

liOad anodes are used where the solutions contain neither chlorides nor nitrates. 
After 6 years of continuous operation the antimonial-lead anodes in use at Ajo showed 
l>u1 little loss in weight. 

Carbon or graphite anodes have not been used on a commercial scale for this 
purpose. One pound of copper per kilowatt-hour has been the average efficiency 
obtained when using lead or antimonial lead anodes. 
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Iron Precipitation. — In solutions of low copper concentration, too high in impurities 
for electrodeposition, some form of iron is generally used for precipitation purposes. 
When metallic iron is immersed in a solution containing copper, the iron is dissolved 
and metallic copper is precipitated. The product of this reaction is known as cement 
copper.*^ 

Metallic iron has many advantages as a precipitant: it is generally quite cheap, 
readily obtainable, and simple to use. Clean iron as a precipitant will, with proper 
operating care and conditions, produce a high-grade precipitate. The usual 30 to 60 
per cent copper contents of cement copper is neither necessary nor is it good practice. 

There is theoretically required 0.878 lb. of iron per pound of copper to be precipi- 
ated, provided no other iron- consuming constituent is present in the solutiv^n. Both, 
ferric sulphate, by its reduction to ferrous sulphate, and sulphuric acid, by its action! 
to form ferrous sulphate, consume iron when present in the solution. \ 

Due to the impurities of the* iron, consisting of the constituents of the metal other 
than iron and the adhering iron oxide scale which is nearly always pn^stmt, as well as 
the iron-consuming constituents of the solution from which tlie copper is precipi- 
tated, the consumption of iron per pound of copper is generally about 1.5 to 2.0 lb. 
instead of the theoretical 0.88 lb. 

For good precipitation purposes, the solutions should be; of as low dcn.sity as 
possible; they should be clear, /.c., all sand and slimes should luive been s(;ttled out ; 
the iron should be of as good grade as pos.sibl(‘, and clean. The speed with which 
the reaction takes place depends, of course, upon the s\irface of irf)n (‘xposc'd to solu- 
tion. Pig iron acts the slowest and sponge or powdered iron th(‘ cpiickcst. Therc^fon; 
much work has been done on the development of sponge-iron procevss. d'his pro(*(;ss 
would consist of reducing the iron in iron ore to metal in a finely divided state and 
without fusion. 

The most important results were obtained at the Chino Copper (V)., where a .special 
furnace was developed for continuously producing sponge iron [39]. Here a magnetite 
concentrate was heated with a partly coked coal in a gaslight furnace in which the 
charge was heated by radiation. 

After the development of this furnace, the U. S. Bureau of Mines announced 
the development of a similar process, the reduction, how^ever, taking j)lace in a revolv- 
ing Bruckner-type furnace, very similar to that us(‘d at Anaconda also for sponge-iron 
tests. 

Notwithstanding the fact that much work has been done on sponge iron, there are, 
with the possible exception of some Second World War developments, no plants in 
successful and continuous commercial operation at this time. 

Both heat and agitation are aids to precipitation. Fine material, .such as sponge 
or shot iron, will permit of agitation, while precipitation with loose or baled scrap, or 
with pig iron, must be carried on in launders. 

With a clean detinned scrap iron, the Ohio (^opper (k). produced some millions of 
pounds of cement copper, which averaged over 90 per cent of copper. Several lots, 
consisting of 50 or more tons each, averaged over 95 per cent copper. Theisc* are the; 
results obtained when using clean solution of low density and with proper supervision. 
The average copper contents of all the cement copper produced at Rio Tinto, where 
pig iron is used, is 75 per cent. At New Cornelia, where baled scrap is used, it is 60 
to 65 per cent. 

The chemical precipitation of copper by iron is nearly always carried on in either a 
sulphate or a chloride solution. In either case, it is quite necessary to reduce the ferric 
salts before precipitation. This may be done by passing the solution over copper or 
iron sulphides. 

The statement frequently made that the acid must be neutralized before the copper 
will precipitate is not entirely correct. Precipitating copper from waste solutions on 



HYDROMETALLVmY OF COPPER 


359 


scrap iron is frequently done at copper refineries. These solutions sometimes contain 
as much as 15 per cent acid, and the copper may be entirely precipitated without 
complete or nc'arly complete neutralization of the acid. 

The cement copper commercially productid contains 20 to 30 per cent water or 
solution. Wher(‘ this material has to be transported a long distance, drying might 
prove economi(!al. When drying the material, however, it oxidizes. When it is very 
dry, it causes trouble by dusting. Tests on drying eenn nt copper showed, when slowly 
dried to 15 per cent moisture, that 60 to 70 p(T cent of the copper contents had been 
oxidized. Whether dried in air or by lieat, the quantity of copper oxidized appeared 
about the same. Air drying is too slow to be commercial. Drying with moderate 
heat is probably best. The statement that cement copper in drying oxidizes so quickly 
as to cause spontaneous combustion could not be proved. 

The disposal of this cement copper has been the cause of much discussion. Pro- 
ducers of tliis material frequently have visions of greater profits by converting this 
cement (iopper into elec.trolytic cathodes, casting copper, blue vitriol, or some other 
mor(' profitable; forms. The eventual treatment of this class of material, when in 
sufficiemt quantity, will be simple melting or fusion in a coal- or oil-fired reverberatory 
and, pcrliaps, then tapping moltcm copper into a refining furnace and subsiiquently 
refining so as to produce a casting copp{;r or anodes for the electrolytic refinery. Such 
an operation would not require a large, expenditure. 

Tin; advantages of elecstroljdic copper in the making of alloys and bearing metals 
is mon; and mor(; appreciated, and the mark(*t for casting copper is irregular and 
fluctuating, with the result that direct uses for secondary coppers are becoming less, 
thus reducing the field for ca.sting copper. In all probability, the most economical 
disposal of tliis material will be smelting and casting into anodes and shipment to 
a refinery. 

Hydrogen Sulphide. — Hydrogen sulphide may be consider(;d the next best pre- 
cipitant for copper from leaching solutions. If hydrogen sulphide is applied to a 
copper sulphate or copp<;r chloride solution, (*opper is precipitated as cupric sulphide 
and a(;id is regen(*rated equal to that combined with the copper. This regenerated 
a<‘id may lx; used dissolve further copper. 

Hydrogeui sulphide may be generated in various ways, the cheapest probably being 
by the action of sulphuric acid on a low-grade copper matte. Tests made with hydro- 
gen sulphidt; generated from sulphuric acid and low-grade matte have given the costs of 
precipitation to be equivalent to iron at $20 per ton, or about 1 cent per pound of 
copper. 

(Ireenawalt recommends hydrogen sulphide for the precipitation of copp(;r from 
discard solutions. TIutc are no leaching plants known to be in operation at this time 
where this gas is used as the precipitant of the copper from solutions. 

Sulphur Dioxide. — "Jlie most interesting process that has been developed for 
copper precipitation is that of George D. Van Arsdalef28], who found that, when a 
solution containing copper and ferrous sulphate is saturated with sulphur dioxide 
and is then heated under pressure, a reaction occurs resulting in the precipitation 
of about half of the copper as finely divided metallic copper together with the for- 
mation of free sulphuric acid. This process has been tried at several plants, and it 
was found that between 60 and 70 per cent of the copper could be quite economically 
precipitated. The principal difficulty was how to recover the remainder. 

Commercial Leaching Installations. — The most important copper-leaching 
plants that have been constructed are briefly described below. 

The Chile Copper Co. — The ore treated by the Chile Copper Co. at Chuqui- 
tuiinata, Chile, consists of oxidized minerals in seams and fissures affording simple 
and rapid extraction. The ore contains among other minerals the unusual basic 
copper sulphate or brochantite. The mineral is readily soluble in dilute sulphuric 
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acid and introduces copper sulphate into the solution, which, on electrolysis, liberates 
free acid. The mineral is reported frequently to be present in sufficient quantity to 
make the addition of acid from outside sources unnecessary. 

The ore, averaging about 1.7 per cent copper, is mined with steam shovels, loaded 
on cars, and transported by rail to the crushers. Successive crushing operations 
reduce the steam-shovel size so that 30 to 90 per cent will pass 0.371-in. mesh. The 
plant has a capacity of over 1,400,000 tons per month. 

Belt conveyers deliver the crushed ore to a traveling bridge, from which it is 
discharged into one of six reinforced-concrete tanks lined with asphalt, 150 ft. long 
by 110 ft. wide by 16 to 18 ft. deep, set end to end and holding about 11,500 tons 
each. The ore is charg(*d into one end of the tank until the top of the tank is reached, 
and the bridge is then advanced as such a rate as to keep the level constant. This 
method of charging a tank classifies the ore so that the coarsest material will be at the 
bottom and the finest on top. 

The ore may be loaded into the tanks either into solution or into a dry vat, depend- 
ing on whether or not solution is available. It is allowed to soak for 8 to 24 hr. before 
the first strong solution is run in, A second soaking period of 24 to 72 hr. ensues, after 
which a second strong solution is applied at the top. Three more strong leaches are 
given and then six successive washings with liquors of decreasing copper content. 

A certain quantity of each solution coming from the ore is removed for the complete 
deposition of the copper, in order to take care of the impurities and to compensate 
for the introduction of wash water to the system. The impuriti(^s at Chuquicainata 
consist principally of the sulphates of magnesium, sodium, and potassium, together 
with a small quantity of nitrate and chloride. The former, while not detrimental to 
the operation, would accumulate to such a point as to render the solution inactive. 
The chloridcns and nitrates go into solution with the copper and must bo eliminated 
as far as possible. The chlorides are removed by agitating the pregnant solution in 
the presence of metallic copper, whereby the chlorine will be precipitated as a more 
or less insoluble cuprous chloride. About 85 per cent of the chlorine is removed in 
this manner, and about 1 ton of solution is dechlorinated per ton of ore tnjated. The 
nitric acid is eliminated by the use of a little sulphur dioxide, which is converted to 
sulphuric acid. Both chlorides and nitrates when present in appreciable quantities 
prevent the use of lead anodes. 

The ore is ideal for leaching, the extraction obtained averaging consistently over 
90 per cent. It has been said that each ton of ore contains between 20 and 30 lb. 
of what might be called latent acid. 

The pregnant solution after dechloridizing is sent to the electrolytic tank house 
for precipitation [30]. These tanks are of reinforced concrete. There are 1098 cells in 
operation. Lead anodes were at first tried in the exp(?rimental plant but were not 
found satisfactory. A German anode made of fused magnetite was then used. The 
war (First World War) with Germany made these difficult to "Obtain, and a ferro- 
silicon alloy was substituted. Later these were replaced by copper-silicon and 
antimonial lead anodes developed by the research department of this company. 

Power for all operations is generated at a plant built on the coast, some 150 miles 
from the mines. Of the total power generated, a little over 80 per cent is used for 
copper deposition. About 0.85 lb. of copper is deposited per kilowatt-hour to the 
tank house. liefining furnaces have been provided, and the cathodes are melted and 
east into commercial shapes at the plant, the product leaving Chuquicamata as the 
highest grade of electrolytic copper. 

This process is being successfully applied to some four or five million tons per year, 
turning out at practically one continuous operation some 180,000,000 lb. of refined 
copper from an ore that could not be treated by any other known method. 
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New Cornelia Copper Co. — About the time that the Chuquicamata plant of the 
Chile Copper Co. was ready to begin operations, the details of the process to be used 
in treating the ores of the New Cornelia Copper Co. at Ajo, Ariz., had been practically 
decided upon. 

The problem in Ajo differed from that in Chile in that the ore to be treated (1) 
was of a lower grade; (2) did not carry any latent acid compounds, such as basic copper 
sulphate; (3) was less readily soluble. On the other hand, the problem at Ajo was 
simpler. Inhere were neither chlorides nor nitrates to contend with in the ore. Tests 
could be carried out on a larger scale and closer to the scene of actual operations; 
supplies were less expensive and more easily secured. 

After a period covering nearly three and a half years and during which some 15,000 
tons of ore were treated, a process was developed, the results of which could be posi- 
tively foretold, and by which the deposit was successfully worked out. 

The process adopted was as follows: (1) mining by steam shovels, the maximum 
size to be controlled by the size of a fragment that will pass the shovel dipper; (2) 
transportation of the ores in cars that will stand up to the rough service and discharge 
freely any fragments that passed through the dipper of the steam shovel; (3) the 
delivery of the ore, without any storage other than cars, directly into a crusher that 
will receive any fragment discharged by the car; (4) crushing of steam-shovel size to 
as near in. as practicable ; (5) leaching the crush(^d ore 8 days by a countercurrent 
system and upward circulation, using sulphuric acid and such ferric sulphate as is 
inherent in the process; (6) reduction by sulphur dioxide gas of the ferric iron remain- 
ing in the neutral solutions from the leaching tanks; (7) the electrolytic deposition 
of part of the copper from this reduced solution, which is then returned to the leaching 
solution; (8) the continuous dischargti of such portion of the neutral solution as is 
necessary to prevent accumulation of sulphates other than copper to the saturation 
point ; (9) the r(H‘overy of the copp<?r content of such discarded solution as cement 
copper precipitated on iron; (10) the treatment of a part of this cement copper with 
solution from the eh'ctrolytic tank house to the end that the copper be returned to the 
circulation and a part of ferric sulphate reduced. 

Crushing , — The ore was mined by steam shovels and was loaded and delivered to 
the crushing plant in sidt'-dump cars. The crushing plant was divided into two 
departments, coarse and fine, which w'ore separated by a 10,000-ton storage bin. 

The 10,000-ton storage bin between the coarse and fine crushers was of steel, built 
on an elevat(*d reinforce'd-concrete- platform. I'he ore was drawn from it automati- 
cally onto a set of five belt conveyers, equipped with magnetic head pulleys, which 
delivered the ore to five units of Symons vertical-shaft disk crushers. !Lach unit 
consisted of three intt^rchangeal)le crushers. The first w^as set to crush to inch cubes. 
The crushed material was elevated and screened; the undersize by-passed the remain- 
ing two crushers, which were set in parallel. The oversize passed to these two 
crushers, which were set to crush to the desired size. The entire product was fed to a 
system of belt conveyers, which led through a sampling plant to the leaching vats, 
which furnished the only storage for the crushed ore. 

Leaching , — The leaching tanks, 88 ft. square and 17 ft. 4 in. deep inside, were 
built of reinforced concrete with wooden bottoms. Each had a capacity of 5000 
tons of crushed ore. The sides and the launders of the tanks were lined with 8-lb. 
lead and the bottom with 6-lb. 4 per cent antimonial lead. The filter bottom was 
laid over the lead bottom and consisted of 5 X 12 in. joists on edge laid on 16-in. 
centers, covered with 2-in. shiplap planks that were bored with ?^-in. holes on l^in. 
centers countersunk from below. Under the center of the filter bottom, and at right 
angles to the wooden floor joists, a distributing, launder was set in the floor, through 
which the solution enters and from which it is distributed under the filter bottom. 
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The lead lining on the sides of the tanks was protected from abrasion by a covering of 
2-in. planks. At the top and sides of each leaching tank were two overflow launders 
extending the length of the tank, one end being connected with the suction of a circu- 
lating pump. The charging was done by a machine especially designed for this plant 
and known as the spreader bridge. It consists of a traveling bridge of structural steel 
which spanned the tanks and traveled, as desired, lengthwise with the row. The 
bridge supported a belt conveyer, which received the crushed ore from the belt on a 
central structure. A tripper on this belt spread the dre in the leaching tanks. 

The tanks were charged by filling to the top of the tank at one side, allowing the 
ore to assume its natural slope, or about 45 deg., and then continuing at one side and 
discharging the ore at the top of the slope, allowing the coarser material to run to the 
bottom and the finer to remain somewhat higher up, thus giving a rough classification. 
The bridge is moved slowly forward as the filling of the tank progresses. This plan 
was suggested by the engineers of the Chile Copper Co., who have obtained the best 
results through this method of filling. 

The crushed ore was leached for 6 to 8 days by a countercurrent system and upward 
percolation, using dilute sulphuric acid as the principal solvent. 

The solution in each tank was circulated by two 15-iri. vertical centrifugal pumps 
having a capacity of 3500 gal. per min. each. These were driven by direct-conn(‘cted 
40-hp. vertical motors. The head against which the pumps work was equivalent to 
the friction head of the solution passing through the ore. The discharg(; from one ot 
these pumps was provided with a by-pass which permitted a portion of the solution 
to be advanced to the next tank. Both pumps were throttled to give a circulation of 
about 4000 to 5000 gal. per min. through the ore. Of this amount about 1000 gal., 
called the solution advance, was continuously passing through from tank to tank. 
The high-acid solution, which has averaged about 2.5 per cent free acid for an 8-day 
leach, coming from either or both the tank house and the solution storage, and going 
on the oldest ore, was called the *‘acid advance.’^ The nearly neutral solution com- 
ing off the newest charge and going to the reduction towers was known as the ‘^neutral 
advance.^' 

Upon the entrance of a new charge into the circuit the solution remaining in the 
oldest tank was drained to the solution storage, whore it was standardized with acid 
and later used as acid advance. After thorough draining, the tank was r(*ady for the 
wash water. 

As the copper entrained in a charge after leaching was al)out one third of the total 
copper dissolved, the question of thorough washing was very important. Four suc- 
cessive wash waters with drainings were used. 

The fourth wash of any one charge was used as the third wash of the succeeding 
charge, the third used as the second, and the second as the first. In other words, each 
wash water was used four times, the copper contents increasing each time, when it 
was incorporated into the system to make up the continuous lossi^jj of solution. These 
losses were due to evaporation, discard, and solution entrained in tailings. 

After a charge had been washed and drained, the tailings were removed from the 
tank by a Hulett unloadcr, similar to unloaders used on the (Ireat Lakes for unloading 
iron ore from boats. A heavy steel bridge on trucks spanned the leaching tanks and 
traveled their entire length. On this bridge traveled a trolley carrying a walking 
beam, bucket leg, and bucket of 12-ton capacity. The unloader had a rat(jd (iapacity 
of 500 tons per hr. and generally excavated a tank of tailings in 10 to 11 hr. 

Reduction of Iron. — In the electrodeposition of copper from a sulphuric acid 
solution, iron, if present, will consume electric energy, by its alternate oxidation and 
reduction, thereby reducing the quantity of copper deposited per unit of current. 
During the experimental work, the control of the ferric iron proved one of the hardest 
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problems to solve. A patent diaphrafi^rn anode was tried and gave good results, but 
was cumbersome and difficult to kec'.p in order. Later, tests made on a process in 
which iron and alumina were procjpitated as hydrated oxides by the addition of 
roasted copper ores gave good results, but the method was considered too complicated 
for an ore of this charac-ter. The idea was then suggested of using the natural oxides 
and carbonates in the ore itself as the precipitant of the ferric sulphate ; in other words, 
the precipitation of the principal impurities in the solutions upon the charge itself. 
Early tests made on a small scale were very promising, but tests carried out later on 
a larger scale failed to give the desired results. For the first 15 or 20 days, the copper 
in the newest charge of ore was sufficient to precipitate all the ferric iron that was 
contained in the solution passing through the ore. However, as the acid concentra- 
tion on ea(!h charge increased, the precipitated ferric iron was redissolved and eventu- 
ally accumulated to such an extent that the iron in the solution was in excess of the 
copper available as a pre(upitant. * 

It was now decided to resort to SO 2 reduction. The general opinion was that this 
was both unsatisfactory and difficult. This proved to be the cas(^ in solutions decid- 
edly acid, but where neutral or slightly acid solutions were used, reduction proved 
(iuit(^ easy. For these tests elemental sulphur was used, as it was believed that a gas 
with the maximum pertumtage of SO 2 was most essential and that a ri(;h gas could 
be producM'd only by burning el(‘.mental sulphur. 

In the sulphite-pulp industry large quantities of sulphur gas are produced and 
absorbed, and, ac<!ordingly, the method of producing and absorbing the gas used in 
that industry was inviNstigated. It was found that at some plants pyrites were 
used and that under propiT conditions a gas of 12 per cent SO 2 could be produced. 
I'he only objection in the sulphite-pulp industry to the use of pyrites was the tendency 
of small cahMiied particles to be carried into the solution and thence into the pulp. 
I’pon investigation it was decided to make use of the cheap and abundant supply of 
th(‘ high-sulphur low-copper ores of the Hisbee district. 

A bucket elevator and a conveyer e<iuipped with a\itomatic tripper delivered the 
crushed ore to hoppers situated above four W edge roasters. These roasters were 22 ft. 
G in. in diameter, had seven hearths, and were b(*lt-driven by 7^ 2 -bp- motors. 

The gas leaving the roasters entered a spray or cooling chamber. This chamber 
was 14 ft. square, 94 ft. long, and was built of 8-lb. lead supported on a w^ooden frame- 
work. Nozzles w(*re distribubal ovw the top and sides through whi(ih “neutral 
advance’’ was sprayed to cool tht^ gas before it cnt(*red the towers. Between 90 and 
100 gal. of solution per minute w'as required to supply these sprays. The ferric iron 
in the solution used in cooling the gas was practically all reduced and the solution 
joined t hat coming from tlie towers. The temperature of the gas in its passage through 
the spray chamber w'as reduced from 600 to 150®F, A flue connected the spray 
(chamber with the bottom of the first pair of towers, dividing the gas equally between 
them. 

There were six tow'ers arranged in pairs. Two pairs of the towers were part of the 
original equipment and were 40 ft. high and 20 ft. in diameter. These wa*re built of 
sheet lead, supported on a steel framework. The other pair w^ere 28 ft. in diameter, 
40 ft. high, and w^ere built of ordinary re^dwood tank construction, hooped together 
with iron rods. As an additional precaution against gas leakage, the wooden towers 
^Ncre paint(^d wdth asphalt and covered with roofing paper under the hoops. The 
towers rested upon a reinforced-concretc base, provided with a lead pan. All towers 
were filled with boards placed on edge, the width of a board apart, and in layers. 
«'^ach layer was laid at right angles to the one immediately below it. The solution was 
listributed over the top of the towers by a system of launders provided with gas seals, 
i between the second and third pairs of towers was a fan which drew the gas from the 
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roasters through the spray chamber and a third set of towers, and forced it through 
the second and first sets to the atmosphere. The temperature of the escaping gas 
was that of the atmosphere. 

The solution (or neutral advance) to be reduced traveled countercurrent to the flow 
of gas, i.e.y the most reduced solution came in contact with th(j strongest gas. The 
solution coming from the newest tank of ore was pumped to the top of the third pair 
of towers by a centrifugal pump. The solution distributed by launders and gas seals 
flowed down over the filling, thus coming into intimate contact with the rising gas. 
At the bottom of each pair of towers there was a concrete lead-lined sump, into which 
the solution flowed and was then pumped through the next pair of towers. From the 
first pair of towers the solution was pumped to the second jjair, then to the third pair,, 
and then to the so-called settling tank, whence it went to the tank house. The pur-j 
pose of thig settling tank was twofold: (1) to settle out the slime, (2) to g(it the benefitl 
of the additional reduction that was found to take place in a neutral or slightly aend) 
solution on standing. 

Electrolytic Deposition . — The electrolytic tanks were housed in a structural-steel 
building, 166 ft. wide and 280 ft. long, having sides only partly enclosed to give good 
ventilation. The tanks were all on the same level, none in (cascade. 

The cellar, which was open on all sides, had an asphalt floor draining to gutters that 
led to a sump at each end of the building. There was headroom throughout the 
cellar to permit regular inspection of tanks, piping, and feed wires. 

The electrolj'tic tanks were arranged in banks with aisles between. There were 
12 banks of 10 tanks each and 4 banks of 8 tanks each, making a total of 152 tanks. 
Each tank was separated from th(; adjacent tank by a 3-in. air space. All tanks 
were made of Oregon pirn;, lined with 7-lb. chemical lead. The inside dinnmsions 
of the tanks w(!re 29 ft. 7 in. long, 4 ft. 9 in. wide, and 4 ft. 3 in. deep. These tanks 
were supported on concrete columns and were insulated by tile blocks cov(ired with 
sheet-lead caps. Each tank was provided wdth a 4-in. clean-out phig. Tln^re were 
also two perforated lead diaphragms, one at each end of the tanks, to assure a uniform 
circulation. The inlet to each tank was fitted with a diaphragm valve and a 

31^-in, glazed stoneware gooseneck for insulating purposes. At the outlet end there 
was a lead overflow pan fitted with a 4-in. tile pipe 8UBp(mded in a 10-in. lead boot 
connected to the discharge pipe. 

Each tank had 84 anodes, making a total of 12,768 in the tank house. The anodes 
were of lead containing 3.5 per cent antimony, of an average weight of 215 lb. They 
were 40 X 51 X ^ in. thick and were suspended by two X copper bars 

secured to the tops of the anodes. The submerged surface of all anodes was 41 X 41 in. 
The spacing of anodes was 4)^ in, on centers. The distance from the bottom of an 
anode to the bottom of the tank was 8 in., while that of the cathode was 7 in. Short 
circuits were prevented to some extent by providing the anodejs with eight chemical 
glazed-porcelain insulators distributed over the anode faces. 

Much doubt was expressed about the life of the lead anode, and some very positive 
statements were made regarding their probable length of life. Continuous service 
failed to show appreciable oxidation, except after years of service. 

There were 77 cathodes to a tank, or 9779 cathodes in the tank house, exclusive of 
starting-sheet blanks. The cathodes, 42 in. square, were totally submerged. They 
were suspended upon copper bars by loops made from starting sheets. The original 
starting sheets weighed about 15 to 18 lb., while the finished cathodes weighed 130 to 
140 lb. 

The cathodes produced varied from 99.15 to 99,85 per cent in copper content, 
the impurities being principally slimes, held by mechanical entanglement. The 
greater the density of the electrolyte, the lower was the copper content in the cathodes 



HYDROMETALLUmY OF COPPER 


366 


and the greater the insoluble matter, iron, and alumina. The cathodes always con- 
tained more or less chlorine, varying from 0-05 to 0.35 per cent. There being no 
arsenic or antimony in the ore, and little in the acid, the average arsenic content of the 
cathodes was less than 0.0015 and the antimony less than 0.0005 per cent. 

Twenty-five tanks operated on starting sheets, each tank containing 77 starting 
blanks, or a total of 1925 blanks. The starting blanks were of rolled 3.5 per cent 
antimonial lead, 53 X 43 X }4 were large enough to allow a small amount 

of trimming, which was done with a squaring shear. The anodes in these tanks were 
3.5 per cent antimonial lead, and were 41 X 52 X 34 in. They did not have porcelain 
insulators, as these tend to spot the starting sheets. The spacing of anodes in these 
tanks was the same as in the commercial tanks. The tank construction and oth(^r 
details were likewise similar. 

The ehictrodos hung parallel to the flow of solution (or parallel to the length of the 
tanks) to give a fre(i (iireulation of the electrolyte. Alternate bus bars extending 
across th(^ tanks connected thei electrodes in parallel and the tanks in series. These 
bus bars, placed across the tank, divided it into sevtni s(‘ctions or cells. The inter- 
mediate bus bars were 1 in. wide and 4 in. deep, while the end bus bars were 1 in. 
wide and 4 in. deep. Soldered along the top of each bus bar was a triangular piece 
of copper, in, high, giving a point contact to the electrode bars. Small maple 
blocks impregnated with linseed oil insulated cathodes and anodes from opposite bus 
bars. These bus bars were sui)ported on insulated iron castings, which, in turn. 
rcst<?d on the tank cleats. The maximum current density was 8 amp. per sq. ft. of 
cathode surfac('. wh('n operating under normal conditions. With an average current 
efhciency of 80 per cent, this meant a daily gain of abo\it 10.25 lb. per cathode, or a 
total capacity of 120,000 lb. of electrolytic copper per day. The drop of potential 
between auodi^s and cathod(*s av(*raged close to 2.00 volts. There was a tendency 
for the voltage to drop during the summer owing to an increase in the temperature 
of the electrolyte. 

The solution flow in tJie tank house was part of a closed circuit with the leaching 
and reduction plant, reci'iving a continuous flow of solution from them. This flow, 
coming always off the m^west on‘, then through the towers and settler, was regulated 
by means of weirs and varied from 800 to 1500 gal. per min., depending on operating 
conditions. I'his volume was divided among the 16 banks of tanks, those on starting 
sheets getting generally a little more than those on cathodes. By this arrangement 
each bank of tanks on cathode received betwmen 60 and 70 gal. per min. of reduced 
solution. Each bank unit eonsist(*d of cither eight or ten tanks, a sump, and a. 9-in. 
vertical-type o(mtrifugal pump having a capacity of 1600 gal. per min. Each bank 
had an individual circulation of 1600 gal. per min. between it and the sump, while an 
overflow arrangement provided for the return of such a portion of the electrolyte as 
was equivalent to reduced solution added. 

The current efficiency depended on the quantity of ferric sulphate present, owing 
to the reaction between ferric sulphate and metallic copper. The ferric iron content 
in the solution was kept as low as possible. With the total iron not over 2 per cent, 
the ferric iron in the electrolyte probably did not exceed 0.5 per cent. 

At the beginning of op(Tatioiis in the tank house, a great deal of difficulty was 
encountered by the dropping of cathodes in the electrolytic tanks, due principally to 
the corrosive action of the ferric sulphate on the loops at the solution level and on 
that part of the cathode coven*d by the ends of the loops. Corrosion at the solution 
line was easily remedied by raising and lowering the solution level in the electrolytic 
tanks, but the corrosion of the cathode sheet between the loop ends was far more 
difficult to overcome. Later this condition became worse with the increase in the 
ferric iron and higher temperature of the electrolyte. The dropping of cathodes not 
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only caused bad short circuits in the tanks, but also made it necessary, when pulling 
cathodes for shipment, to pull individual sheets with tongs, which made it almost 
impossible to handle the daily output of cathodes. Considerable damage was also 
done to the lead lining of the tanks, and the danger from accidents was more than 
usual. Numerous schemes to overcome this difficulty were suggested and tried, until 
it was found that, by splitting the ends of the loop and attaching them with a Morrow 
machine in such a manner that the portion of the starting sheet adjacent to the loop 
was exposed to the deposition of copper, not only the loop, but also the sheet built 
up, making a good firm joint. After the adoption of this method, no further trouble 
was experienced with dropping sheets. 

As previously mentioned, only about 45 to 50 per cent of the total acid used in an/ 
8-day leach is utilized in dissolving copper. The remainder is used in dissolving 
impurities. If copper only is removed from the solution, the other substances willl 
gradually accumulate and the solution will reach a condition where it will become! 
sluggish in dissolving the copper from the ore. To keep the solution active, it is evi- \ 
dent that a portion must be discarded and replac(»d with fresh water. The quantity of 
solution discarded per day must contain impurities equivalent to the amount dissolved 
per day, if the accumulation is to be avoided. In the experimental w^ork it was found 
that, under similar conditions, nearly all the substances that went into the solution 
were present in a fairly constant ratio to one another. Of the various impurities 
dissolved, iron is the most easily and quickly determined and was used as the indica- 
tion of the quantity of solution necessary to be disc^arded. The experim(‘ntal work 
clearly demonstrated that the best results were obtained when the total iron in the 
solution did not exceed 2 per cent. 

The original cementing equipment consisted of six s(Hdions of reinforced-concrete 
launders. These were arranged in two parallel rows of three st^ctions each, dlie 
bottom of each launder sloped toward three side clean-out gates. The scrap iron 
rested upon a grated wood floor. The solution flowed through each one successively, 
but could be by-passed to allow the cleansing and refilling of any of the sections. From 
these launders the waste solution ^vent to the desert. 

Under good operating conditions practically all the copper was prec^ipitated. 
When a launder was no longer efficient, the solution to that launder was bj^-passed and 
the solution remaining in it was drained. The cement copper was shoveled o\it onto 
wooden grates, where the iron was washed off with a hose, and the unconsumed iron 
was returned to the launders. 

Cement copper when clean and finely divided dissolves readily in ferric sulphate, 
with the formation of copper and ferrous sulphates. By so doing not only is the 
cement copper dissolved, but the ferric iron is reduced also. The plan was to hose off 
the loosely adherent copper from the scrap iron to the bottom of the tank and then 
flush it into one or more circular lead-lined tanks, called agitators. These tanks are 
20 ft. in diameter and 6 ft. deep, provided with a stirring device, driven by a small 
motor; 125 gal. per min. of tank-house return solution can be circulated through each 
tank. 

This plan of redissolving the cement copper was carried out w’hcn the operating 
conditions of the plant required it. The principal objections to the continuous use of 
such a plant are that by redissolving the cement copper in tank-house solution the 
total copper output of the plant is reduced, which at times does not give the greatest 
profit possible. Although the Ajo plant is history, this lengthy description is given 
as it details the operation of a plant, the details of which were carefully planned, and 
which functioned profitably to the exhaustion of the deposit. 

Union Minidre du Haut Katanga. — Sulphuric acid leaching was practiced for a 
time on the shale ores of the Union Minidre du Haut Katanga. The plant presented 
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some novelties as compared with other installations, in that continuous and not batch 
leaching was employed; the leaching was by agitation instead of percolation; washing 
the sand tailings was carried on in multideck Dorr classifiers arranged countercurrent ; 
washing the slime tailings was performed continuousJy in thickeners; the iron and 
alumina in the solutions were held within reasonable limits by continuous purification 
through neutralization of a part of the solution with original ore or concentrates[361. 

Some condition was present, which has never been satisfactorily explained, that 
quickly ate away any copper alloys, and only lead, duriron, some of the chrome-nickel 
irons, rubber, asphalt mastic, glass, and porcelain could safely be used in contact with 
the solutions. This was possibly due to cobalt. 

The removal of iron and alumina by precipitation with a portion of the ore was the 
first successful application of this idea to commercial practice. A portion of the solu- 
tion was constantly withdrawn and agitated for 17 hr. with raw ore or concentrates, 
completely neutralizing it. The pulp was then classified, the sands were sent back to 
the leaching circuit, and the slime was sent to a thickening-washing circuit which was 
always maintained at neutrality. The w'ashed slime discarded from this operation 
ran about 1 per C(mt Chi, but apparently it was figured that (control of the iron and 
alumina was worth this price. 

Andes Copper Co. — Tlie leaching plant of the Andes Chopper Cb. at Potrerillos, 
(,'hile, is a sulphuric acid leaching operation, a C-day countercurrent leaching followed 
by a 1-day count(‘rcurrent wash. Tlie operation is unique in that through a complete 
neutralizing with 20()-niesh limestone the entire leach solution is purified from iron, 
alumina, ars(*nic, and phosphorus before it goes to the tank house. I’his me.ans that 
all the free acid in the h'ach solution and that combined with the iron and alumina 
is thrown down as calcium sulphate and is eliminated along with these impurities. 
This conse(iuently means that about 63 lb. of 60° sulphuric acid is required per ton of 
ore treated. This a(‘id is produced by tri‘ating a part of tht^ gases from the roasting 
plant for the production of sulphuric acid [38]. 

The first h'ach of the ore is by upward percolation, but the succeeding five leaches 
are by downward percolation. The tanks are concrete with mastic floors and acid- 
proof brick walls. The filter bottoms are of the Inspiration type. 

It was found necessary to remove the slimes which run approximately cent 

and to treat them by agitation. Any dis(*ard and excess wash solutions are treated 
with crushed limestone by agitation at about 37°C/. The precipitated copper car- 
bonate and the accompanying calcium sulphate are fed back into the purifiers, the 
copper carbonate acting in the sanui way as docs the limestone to neutralize acid and 
throw down iron and aluminum. 

Chlorine is eliminated by agitating the purified leach liquor with excess of cement 
copper, which throws down much of the chlorine as cuprous chloride. The settled 
residue consisting of emprous chloride and cement copper is treated with ferrous- 
chloride solution, which dissolves the cuprous chloride. The copper in this solution 
is precipitated wdth scrap iron, w’^ ashed, and used for further dechloridizing. The 
copper is then precipitated from the dechloridized solution bj’’ electrolysis, using 15 
per cent antimonial lead anodes. The copper is reduced to about 1 1 g. per 1. in the 
tank house, the spent electrolyte going back to the leaching tanks. 

Inspiration Consolidated Copper Co —The Inspiration Consolidated Copper Co. 
in October, 1926, commenced large-scale leaching of an ore carrying oxidized copper 
and chalcocite by the use of ferric sulphate and sulphuric acid. After 2 years a flow 
sheet w^as adopted in which slime was removed, treated first by flotation, then by 
agitation, while the sands were treated by upward percolation. The lixiviant was 
regenerated by electrolytic precipitation. The solution from the tank house carried 
about 9 g. per 1. o? iron, 41.1 g. of acid, 21.6 of copper (in 1931); the ferric iron in the 
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solution from the leaching tanks ran 2.8 g. per L, but by the time it went to the tank 
house it carried 4.0 g. of ferric iron (total iron, 20 g.). The solution to the tank house 
carried 26.4 g. of copper (1931). The anodes are 8 per cent antimonial lead. Start- 
ing sheets for the tank house are made in a small section of the tank house using anodes 
cast at the Inspiration smeltery, near by. It was found highly advantageous to warm 
the solutions so that they went on the ore at 42°C. Wash waters or waste solutions 
were treated with detinned scrap before discardingl37J. 
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ELECTROLYTIC REFINING OF LEAD 

By Gustave Reinberg^ 

History.* — Commercial electrolytic refining of lead dates from the development of 
the fluosilicate electrolyte by Anson G. Betts, at the beginning of the twentieth cen- 
tury. Earlier experimenters had endeavored to use acetate or nitrate solutions, from 
which the lead was deposited at the cathode in the form of loose crystals or sponge, 
which fell to the bottom of the tanks or was removed by mechanical scrapers. The 
practical difficulties of this method of operation, especially those incident to the 
washing and melting of the refined lead, proved insurmountable. Betts[l ] investigated 
a number of complex acids, including fluosilicic, fluoboric, dithionic, m(‘thyl and 
ethyl sulphuric, and several sulphonic acids, all of which formed very soluble lead 
salts and produced electrolytes of high conductivity. He found that by the addition 
of an organic colloid, su(!h as glue or gelatin, these electrolytes could bo made to pro- 
duce a solid and adherent cathode deposit, with a density equal to that of cast lead. 
Considerations of cost and stability have made fluosilicate electrolytes the logical 
choice for refining operations, although fluoborate^ and sulphonates have had a limited 
application for special purposes such as electroplating. 

The pioneer Betts process refinery, that of the Consolidated Smelting & Refining 
Co., Ltd., at Trail, B. C.[2] has been in continuous operation sinc(5 1903, and has been 
successively modernized and enlarged to a capacity in excess of 5()0 tons per day. 
The plant of the U. 8, Smelting Lead Refinery Inc., at East Chicago, Ind., started 
operations in 1906 and has also been extensively modernized in recent y(^ars. The 
latest Betts refinery to be built is that of the Cerro de Pasco C/opper Gorp., at La Oroya, 
Peru, the first unit of which was started in 1934, followed by a large capacity enlarge- 
ment in 1937. This plant was specially designed for the treatment of very impure 
bullion, and its operating conditions differ in several respects from previous practi(;e[3]. 

The Betts process is notable for its ability to produce refined load of exc^eptional 
purity, and is particularly adapted to the treatment of bullion containing bismuth, 
or in which the total content of impurities is large. It does not offer any significant 
metallurgical advantage over the older Parkes process for the refining of relatively 
pure bismuth-free bullion such as that produced from Missouri ores, but may have an 
economic advantage if fuel cost is high in comparison with electHc-power rates. 

Electrochemical Data. — As lead is divalent in fluosilicate solutions, the electro- 
chemical equivalent is 3.865 g. per anip.-hr., or 0.2045 lb. pvv amp.-day. A current 
efficiency of 90 to 95 per cent of this figure is usually realized. The most economical 
current density will normally be between 15 and 18 amp. per sq. ft. The electrolyte 
composition may vary considerably, representative values being 80 g. per 1, each of 
Pb and free H 2 SiF«, corresponding to a total SiFe content of 135 g. per 1. Electrolyte 
resistance varies with composition as shown in the attached curves (Figs. 1 and 2). 
This resistance also varies with temperature in the usual manner (Fig. 3). In tern- 

* Metallurgical engineer, Cerro De Paaco Copper Corp., New York, 

> References in this chapter are to similarly numbered referencefl in the Bibliography at the close of 
the chapter. 
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1,~ l^Uectrolyto rebistaiice curves. 



i' la. 2. — Ohms per cubic inch of electrolyte, varying the free H 2 SiF« with 40, 60 and 80 g. 
* of lead per liter. 
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perate climates, an equilibrium temperature will ordinarily be reached at some per- 
missible value between 30 and 40°C., but in extremes of weather, some artificial heating 
or cooling may be required, since very low temperature would increase resistance 
unduly, and excessively high values might damage tank linings. Under these condi- 
tions of current density, electrolyte concentration, and tcinperaturcs, the average 
volts per cell will approximate 0.45, and the direct^current power consumed in the cell 
circuit will be about 120 kw.-hr. per ton. 

Cell circuits have generally been designed for a total current of 4000 to 6000 amp. 
direct current. The over-all voltage of a 4500-amp. circuit is approximately equal, 
numerically, to its refining capacity in short tons of lead per day. 



Fig. 3. — Temperature-resistance curves, fluosilicate electrolyte. 

The amount of glue used as an addition agent ranges from 0.5 to 1.5 lb. per ton of 
lead produced. It has been found that bindarene flour (a by-product of the paper- 
pulp industry) may be substituted for half or two-thirds of th(r total glue used, th(^ 
glue-bindarene mixture often producing a better deposit than can be obtained with 
glue alone. The addition agents are, for the most part, deposited with the lead and 
produce a characteristic odor when the cathodes are melted. 

The metals having electromotive-solution potentials higher than lead, f.e., Zn, 
Cd, Fe, Ni, and Co, are normally absent from lead bullion, or are present in such small 
amounts that no injurious accumulation in the electrolyte will occur. An elcKJtrolytc 
can therefore be used for many years without purification. Small accumulations of 
iron, alkali metals, and nitrogenous decomposition products of glue are found in old 
electrolytes, but usually have no harmful effect on the operation. 

Tin presents a special case, in that its electrolytic solution potential is nearly iden- 
l 3 cal with that of lead. It may therefore be dissolved and deposited with lead at the 
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cathode, if present in the anodes being refined. Tin which thus contaminates the 
cathodes is removed by mechanical dressing or blowing with air when the cathodes 
are melted. In general, a portion of any tin present in anodes will form intermetallic 
compounds with other impurities present, which lower its solution potential and cause 
it to be retained in the anode slime. If the bullion under treatment contains suffi- 
cient tin to warrant the recovery of this element, it may therefore be expedient to 
remove it by a high- temperature dressing operation[4] before casting the bullion into 
anodes, rather than to recover it from slimes and cathode dross. The codeposition 
of tin and lead from fluosilicate solution is employed as a commercial method for the 
production of solder[5]. 

It has been observed that thallium is another element with anomalous behavior, 
which may be only incompletely removed from load by electrolysis. Thallium, how- 
ever, will occur in lead bullion only under exceptional circumstamres, even when the 
parent orcis contain it, as it is practically completely eliminat(xi from the lead blast 
furnace by volatilization. 

The impurities ordinarily associated with lead, all of which have lower solution 
potentials than lead and r(‘main undissolved at the anode during electrolysis, arc; As, 
Sb, Bi, Cu, Ag, Au, and Te. These impurities, if pr(‘sent in sufficient amount, form 
a highly porous layer or blanket of slime which remains attached to the face of the 
anode and retains the original shape and appearance thereof as the lead is dissolved. 
The solution filling the pores of the slime blanket, a volume which is of c.ourse equal 
to that c)f tlu‘ lead that has been removed, is not by any means of the same composition 
as the freely circulating electrolyte. It consists, rath(;r, of a nearly neutral solution 
of lead fluosilicate of high concentration. The voltage drop that appears across the 
slime blanket , which increases as corrosion of the anode proc^^ods, is produced by the 
ohmic resistance of the solution in the pore volume and by “ concent ration-celP’ 
effect. 

In modern practice, the working life of the anode is determined by the nature and 
amount of impurities present in the bullion trc'ated. In this way the thickness 
attained })y the slime blanket is limited to a value such that the maximum voltage 
drop across it is less than the electrolytic potential difference available for impurity 
separation, by a safe margin. For usual types of bullion and normal current densities, 
appropriate anode corrosion periods will range from 2-day anodes for bullion contain- 
ing (K) per cent Pb or less to 6-day anodes for bullion containing 98 per cent Pb or 
more; the (‘xact limits must in <‘very case be established by trial. This technique has 
eliminated the; difticulti<;s encountered in earlier years, when heavy anodes with 8- or 
10-day corrosion periods were universally employed. With these long corrosion 
periods, voltage drops were excessive unless the bullion treated was very pure, and with 
very pure bullion, the slime blanket was too soft to be thoroughly adherent. In 
either case, the purity (ff the lead produced was adversely affected. The minimum 
amount of impurity that wdll produce a slime of satisfactory physical characteristics 
is dependent on the chemical composition of the slimes as well as other factors. This 
point requires careful attention if the bullion contains over 97 per cent Pb, and in 
certain cases, impurities may have to be recirculated to maintain proper conditions. 

It is preferable to limit the maximum life of the cathodes to a 4-day period. Five- 
or six-day cathodes have been occasionally employed, but the increased weight and 
roughness of the deposit are serious handicaps. To facilitate cell-changing opera- 
tions, the cathode life slumld be a factor or a multiple of the anode life, therefore 
•1-day cathodes would be used with 3- or 6-day anodes and 4-day cathodes with 2- or 
4-day anodes. 

Manufacture of Electrolyte. — Fluosilicic acid, H 2 SiF 6 , which is also known as 
iiydrofluosilicic acid, is obtained as a by-product in the manufacture of superphosphate 
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fertilizer; it may also be prepared by dissolving finely ground silica in hydrofluoric 
acid of about 40 per cent strength. Either percolation towers or agitator tanks may 



Fig. 4. — Night view of Betts tank house; dip washing tanks for corroded anodes in fore- 
ground. 



Fig. 5. — Anode-casting wheel with meter type of pouring device. 

be employed for this purpose. An excess of silica must be used and the operation 
finished at an elevated temperature to secure (wimplete conversion. Tlu? hydrofluoric 
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acid is produced by distillation from a mixture of ground acid-grade fluorspar and 
66°B6. sulphuric acid. Continuous equipment has been developed for this operation, 
but the original method of batch distillation from cast-iron retorts connected to water- 
cooled lead condensers is still used to a limited extent. 

Lead fluosilicate may be prepared by dissolving lead carbonate or white lead in 
fluosilicic acid, but when required in quantity, as for the initial filling of a refining 
circuit, it is preferable to use electrolytic dissolving cells. These are horizontal cells 
with pig-lead anodes covering the bottom area and a pei-f orated lead cathode sus- 
pended near the top. Acid is fed at a slow rate to the top of the cell, and the lead 
fluosilicate, which stratifies in the lower portion of the electrolyte by virtue of its high 
specific gravity, is reinov(‘d through a siphon overflow. A current density of 30 to 
50 amp. per sq. ft. of anode surface is suitable for these cells. 

Acid Loss. — Under proper operating conditions, the over-all loss of fluosilicic acid 
from th(^ electrolyte will not exceed 3 lb. of H 2 SiFe per ton of refined lead produced. 



Fig. 6. Starting-sheet pouring table, with integrally cast type of cros.s rod at bottom. 

Much larger losses were at one time experienced, especially wlien relatively impure 
bullion was tn^ated. These. (*x(‘essive losses have been eliminated by fundamental 
improvements in refinery construction and op<Tating procedure. 

In the first place, all mechanical losses, such as those due to inadequate cell con- 
struction, have been prevented. Limitation of the corrosion period eliminates decom- 
position loss at. the anode and the formation of insoluble compounds such as antimony 
fluosilicate. Finally, and most important, is the complete r(‘cov^ery of solution 
entrained in anode slimes. Washing of the slimes must be conductcHl in counter- 
current fashion in order to avoid the necessity for any evaporation of wash liquors. 
Furtlier, the more concentrat(*d solutions must at all times have sufluiont free acid 
present to prevent decomposition by hydrolysis. The most effcctiv<'. method of wash- 
ing involves the use of diffusional processes, by which the slimes arc completely washed 
before their removal fronf^the surface of the anode scrap[3, 0]. T.his is accomplished 
hy advancing the (U)rroded anodes through a series of dip tanks, in which they remain 
fur a sufficient period to attain e(iuilibrium with successively decreasing concentrations 
uf acid and wash* water. This procedure is applicable only when the anodes contain 
sufficient impurities to produce a perfectly adherent slime blanket. 
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In normal operation, the lead content of the electrolyte increases slowly, in spite 
of the fact that the acid losses occurring are largely in the form of lead fiuosilicate; this 
is due to the fact that the current efficiency is slightly lower at the cathode than at 
the anode, and to the small amount of lead that is dissolved chemically from the 
electrodes. To maintain normal composition, this excess lead is periodically removed, 
usually by the addition of sulphuric acid. An alternate method of lead removal is to 
electrolyze with graphite anodes, whereby lead peroxide is deposited at the anode 
while metallic lead is deposited at the cathode. Occasionally, however, a decrease in 
the lead content of an electrolyte may occur in operation, which is almost infallibly 
a danger signal indicating that an abnormal acid loss also prevails. 

Construction and Operation. — Cells built of reinforced concrete have replaced the 
wooden tank construction originally used. They may be lined either with asphalt, 



Fig. 7. — Corroded anodes being removed from cell, with short-circuiting bar in position at 

right end of tank. 


resinous organic compounds, or by a recently developed nu'thod of impregnation with 
hot paraffin. Cells are arranged in cascade at the Trail plant; others use the side-by- 
side arrangement of the Walker system. Fllectrolyte is circulated at a rate of 2 to 
5 gal. per min. per cell, usually entering the cell at the top and overflowing through a 
hard-rubber pipe extending within a few inches of the bottom. Centrifugal pumps of 
bronze or rubber-lined construction are used for electrolyte handling. R\ibber-lined 
steel pipe is most satisfactory for cell feed lines, and rubber-lined launders for overflow 
return. 

Anodes are cast in open horizontal cast-iron molds, which are generally mounted 
on a mechanically driven casting wheel. They are normally 24 to 26 in. wude by about 
36 in, deep in body dimensions, with integral lugs or ears for^uspension and handling. 
The thickness required, at usual current densities, is about j4 per day of anode 
life, plus I'l'c residual core sheet. It is important that anodes are cast to 

uniform weight and even thickness, in order to avoid excessive scrap and still ensure 
an unbroken core sheet at the end of the corrosion period. This requires a smooth- 
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running casting wheel with a rigid deck, molds carefully leveled, and, preferably, an 
automatic metering type of pouring device. The anode scrap, which is approxi- 
mately 40 per cent with 4-day anodes, is of course remelted and cast in the same 
manner as the original bullion. At the tank house, the anodes are placed in racks in 
which they are properly spaced for transfer to the cells, the usual spacing being 4 to 
in. center to center. 

Cathode starting sheets are made by pouring a small quantity of refined lead from 
a tilting trough on to a cast-iron plate set at a small angle to the horizontal, on which 
the lead freezes in a uniform she(‘t about 1 ^ 3 2 thick. These sheets are supported in 
the cells from cross rods of hard-drawn copper to which they are attached by looping 
and spot-welding. Alternatively, the cross rod may be formed of copper-plated steel, 
with a dovetail slot into which the sheet is integrally cast. Starting sheets may be 



Fig. 8. — Cathodes being lowered into refined lead kettle. 


stiffemed considerably by grooving the casting table to form shallow (‘orrugations, but 
at best are flimsy and ri'cpure manual straightening before hanging in the cells. It is 
customary to fold over a small diagonal flap at each bottom corner of the sheet at the 
same time. 

The dej)osited cathodes, weighing about 150 lb. each, are washed in a dip tank or 
by sprays upon removal from th<! cells and charge*d to welded steel melting kettles of 
70 to 235 tons capacity. If integrally cast cross rods are us(‘d, t hose arc skimmed from 
the surfa<‘e of the lead after melting. Each kettle lot of refined load is stirred or air- 
blown at 520"C'. to remov<» glue ash and traces of residual impurities, sampled, and 
cast into standard bars of approximately 100 Ib. Vertical centrifugal pumps are 
used to transfer the lead to the casting wheel. Casting temperatures may range 
- from 375 to 425°C. From 1 H to 2 per cent of oxide dross is produced in the melting 
and (tasting operation, which is either returned to a smelter or reduced to common 
lead in a small reverberatory furnace. 

Both anodes and cathodes are handled to and from the cells in complete sets, 
usually 24 anodes and 25 cathodes, by overhead traveling cranes provided with special 
hooks, the cells being short-circuited individually for the few minutes required for this 
operation. At infrequent intervals, cells must be shorted out of the circuit for a 
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sufficient time to permit draining, cleaning, and inspection of the lining. If produc- 
tion schedules permit, an entire cell block or group is usually cut out together for this 
purpose. 

Corroded anodes arc advanced through the wash tanks by overhead cranes, if 
dip washing is used, the spacing between anodes being first closed up to permit four 
sets of anodes to be handhid together. The slimes are then removed by passing them 
between revolving fiber brushes or by scraping and brushing in the case of very hard 
slimes. If dip washing is not practiced, the slimes must be brushed off in a tank of 
electrolyte and carefully washed by countercurrent decantation. The washed slime 
may be dewatered in a filter press or centrifuge, and further dried to a moisture content 
sufficiently low to permit charging to the Tmdting furnaces. In the case of dip-washed 
slimes, th(' slurry from the hrusliing machine is fed directly to a steam-heated atmos- 
pheric double-drum drif*r, which reduces moisture content to a low percentage in a 
single operation. Iiri(iiiettiTig the slimes under h(‘avy pressure at this point will 
increase the efficiency of the subsequent melting operation, but this practice has not 
yet been applied commercially. 

Slime Treatment. — TIkj details of subsequent slimes treatment are naturally 
variable, being determined by the composition and relative importanci? of the con- 
tained values. A number of wet methods of treat imuil have b(‘en proposed, but none 
has been widely usc'd. When, as is often the case, thc^ precious metal values are the 
primary concern, the general proce<hir(‘ is as follows: The slirm^ is melted in a nwerbera- 
tory furnace* and the imdal transferred to a furnace* with subnK*rge'd tuyeres and blown 
with air. The major portion of the ars(‘nic anel antimony is thus r(*men^(*d by volatili- 
zation as oxide* fume, which is e^ollected in a bagheuise conne'cte'd to the* flue system. 
Slags reunove'el from the early stag(*s of the e>pe*ration e*ontain the remainde^r of the* 
arsenie; and antimony and the majority of the* le*ael prese'nt; as the oxidation proceeds, 
the residual lead is slagged off togt‘the'r with bismuth, ceippe*!’, anel telluriuin. The* 
final stageis of the oxidation are condue*t<jd in a seqmrate furnae*e*, in which the; tuyeVos 
may be above the metal bath, and to finish the charge, soda ash and niter are aeldeel 
to complete the reunoval of the* tedlurium and ceipper. A dejre3 biilliein assaying at least 
99 per cent .silver plus gold is tapjied from this furnaces and e*ast into shapes suitable* for 
acid or electrolytic parting. The slags and baghouse fume* are* r(*-t re*ate3ei se*parat(dy 
for recovery of their contaiiH*el value’s, including the small jiroportion of the silver anel 
gold which they carry. Slags from certain stages e>f the e)xidation are often segre*gateel 
to facilitate recovery of a particular e*lement, sue;h as bismuth. 

Electrochemical Series. — R(*ferenee has been maele in this chapter seweral times 
to the electroedu'inie'al position of the (‘lernents. In the following arrangement each 
element is electronegative to those that follow and eleetnjpositive to those that 
precede it: Cs-f-, Rb, Na, Ta, Ba Sr, Ca, Mg, .\l, (t, Mn, Zn, (la, Be, Co, Ni, Tl, 
In, Pb, (M, Sn, Bi, C:u, H, Hg, Ag, Sb, Te, Pd, .\u, Ir, Bh, Pt,, ()h, Si, (\ B, As, 
Sfi, P, S, I, Br, Cl, O, F — . The order varies slightly according to the acid radical and 
according to dilution, but it is a good guide for experimental work. 
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CHAPTER XIV 


THE ELECTROLYTIC ZINC PROCESS 

By Frederick Laist,i Rurrel B. Capler,® and Gi y T. Wever® 

Definition. — Metallic zinc is extracted from its ores by two mam methods, pyro- 
metallurgical and hydroelectrornotalhirgical. The older pyrometallurgical operation, 
commonly referred to as the “rt^tort process,” depends on the reduction of zinc oxide 
to the metallic state by carbon. The hydroelectromet-allurgical operation, com- 
monly referred to as the ^‘(dectrolytic-zinc process,” is a much later diivelopmejit in 
which roastc'd zinc onss are leached in dilute sulphuric acad and the zinc; obtained in 
the m(dalli(^ state by eletdrolysis of the resulting solution. Zinc produced by this 
ra(dhod is calh'd “electrolytic zinc” to distinguish it from the ^‘retort zinc” produced 
by the retort process. 

The (‘lect,rolytic-zinc pnx^ess was originally confined to the complex lead-silv('T 
ores of ziiK* not w(‘ll suited to the redort process, l^'iirther developments of the process 
hav(' enabl(‘d it to be applied to almost any type of zinc ore. 

Many variations of tlu‘ el(‘ctrolytic process have beim investigated, both as to the 
zinc salt to be (‘leedrolyzed and as to the method of preparing the solution. 'I'he only 
successful larg(‘-scale op(‘rations have used dilute sulphuric acid leaching and elec- 
trolysi/i of tlu^ ri^sulting zinc sulphate solution. This method is cyclic in that it uses 
the dilute sulphuric acid formed during the electrolysis of zinc sulphate solution as 
the source of acid for lea(‘hing additional material. The use of zinc chloride solution 
in th(' (‘lectr()lyti(‘-zinc process has never met with any outstanding success. The 
only commercial unit of this kind was the small plant of Brunner, Mond and Co., 
England, op(‘ra1ed bed ween 189b and 1924, with a capacity of 5 to 10 long tons of zinc 
per day. Since that tinu' no eomnuTcdal jdant has operated using zinc chloride 
solutions. Several companies have expc'rimented with tln^ electrolysis of fused zinc 
chloride; but this method has mver b(‘eu found satisfactory. 

History. — It has ])e<'n known for more than 75 years that zinc could be deposited 
from its solutions by electrolysis, but no attempt was madt^ to apply this knowledge 
on a large scale as a method for producing zinc from its ores until about 1880. Proc- 
esses employijig both zinc (diloridc and zinc sulphate solutions were tried from time 
to time without marked cominendal success. In 1914, the Anaconda Copper Mining 
Co. at Anaconda, Mont., and the (Consolidated Mining and Smelting Co. at Trail, 
B. C., began independent investigations of the process as a means of solving the 
problem of treating complex ores occurring in their re^spective districts. Both were 
sufficJently su(*-cessful to justify the erection of small test plants which were rapidly 
enlarged as the war demand for high-grade zinc developed. Later, the Australian 
zinc producers were attra(;ted by the successes of those companies and, after a thorough 
investigation of the process and of the results obtained, built a plant at Risdon, near 
Hobart, Tasmania, for the treatment of concentrate from the Broken Hill mines. 

The original plant of the Ana(‘onda Copper Mining Co. at Anaconda, Mont., 
was more of a pilot plant for the development of the process than a commercial unit, 

* Vice-president in charge of Metallurgical Operations, Anaconda Copper Mining Co., New York. 

* Manager, Great Falls Rediustion Department, Anaconda Copper Mining Co., Great Falls, Mont. 

* 8up€*rintendent of Indium and Rare Metals Department, Great Falls Zinc Tlaut, Anaconda Copper 
Mining Co., Great Falls, Mont. 
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but before dismantlement it was producing more than 25 tons of zinc per day. A 
plant having a capacity of 100 tons per day was constructed at Great Falls, Mont., 
in 1916. The Great Falls plant was located near the source of power, because it was 
more economical to transport th(i materials to be treated than to transmit the power. 
Shortly after the Great Falls plant started operations, th(^ pilot plant at Anaconda 
was abandoned. The capacity of the Gn^at Falls plant has been steadily increased 
until at the present time it is capabh* of producing more than 300 tons of slab zinc per 
day. The demand for zinc was such that a plant with a cai)acity of 150 tons per day 
was built at Anaconda early in 1928. This plant has also been enlarged in reemt 
years. 

The original 60-ton plant of the Consolidated Mining and Smelting Co. at Trail, j 
B, C., has been enlarged until it is now one of the largest producers of zinc in the] 
world. 

The Amalgamated Zinc C'o. first operated a small test plant at Bully Hill, Calif., 
the material treated being concentrate shipped from Australia. This work was the 
basis for the construction of a 10-ton unit at Risdon, by the Electrolytic Zinc Co. of 
Australia. After a year or so of operating this plant, it was decided to abandon it 
and construct a 100-ton plant. The Risdon plant is now ranked among the larger 
zinc producers. 

These companies were the pioneers in the successful commcTcial application of the 
electrolytic-zinc process, and all use the same basic process. Th(*se plants have found 
that, for the electrolysis of zinc sulphate solution, a normal current density of 30 to 
40 amp. per sq. ft. of cathode surface is the most satisfactory for their particular needs. 
This is considered a low curreiit-dcmsity operation. 

After these plants had demonstrated the commercial succ(*ss of the j)rocess over a 
period of 10 years, many new plants were built in widely s(‘att.i‘red parts of th(‘ world. 
Most of these plants employ processes closely resembling those developed in the 
pioneer plants. 

The Sullivan Mining Go. operates a plant of considerable capacity near Kellogg, 
Idaho. 1 The outstanding feature of this plant is that it uses the Tainton high-density 
high-acid proc('ss. Shortly after this plant was (completed, the Kvans-Wallower 
plant, at East St. Louis, 111,, w^as built. Tliis plant, also using the Tainton proce.ss, 
was operated for only a short time. In 1940 it w as rebuilt by the American Zinc Co. 
for a low-acid low^-density process as in general use elsewhere. 

The early attempts to use sulphuric acid leaching were failures mainly becau.se 
the experimenters failed to realize that a very high purity of solution was necessary 
for the successful electrolysis of zinc-sulphate solution. Once this fact w as recognized, 
and suitable methods of purification w^ere developed, the ultimate succ(*hs of the 
electrolytic-zinc proce.ss w’as assured. Many important details remained to be worked 
out, but the fact that, with a sufficiently pure solution, zinc could be successfully 
deposited from an acid solution gave, the process enough promise to justify the expense 
of developing the necessary methods. 

Most electrolytic-zinc plants follow the same basic methods, but are highly 
individualistic in their applications of the process. The problems encountered by 

1 This plant is often referred to as the Silver King plant, because of its situation. The original 
plant was described by U. C. Tainton and E, T. Leyson in Vol. 70, Trans. p. 486, 1924. In 

Vol. 121, p. 527, 1936, W. G. Woolf and E. P. Crutcher bring the information concerning this plant 
up to that date. There have l)een various high^density plants built here and abroad since the original 
Sullivan installation, one of the most recent being that at Corpus Christi, Tex., which has been well 
covered by G. H. Cunningham and Allen C. Jcplison in Vol. 159, Trans. A.I.M.E., p. 199, 1944. If 
detailed information on the high-density zinc process is desired, the reader is referred to these articles 
and to the Eng. Mining Jour., Vol. 145, No. 9, pp. 64~72, 1938. — Editok. 
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each plant are so different from those of any other plant that there remains no “stand- 
ard” practice that might be used as a basis for comparison. 

Application of the Process. — The original idea in developing the elcctrolytic^zinc 
process was to provide a method for the treatment of complex zinc ores. Those ores 
were mainly lead-zinc-silvor ores, most of which also contained some copper and iron 
and produced a concentrate rather low in zinc content — 30 to 40 per cent. These 
concentrates were not well suited to the retort process. There is now no doubt of 
the superiority of the electrolytic process for the treatment of ores of this class where 
power is available at a comparatively low rate. Higher recoveries of all metals 
present and lower operating costs per pound of zinc are the two main advantages of 
this process. 

The concentrates originally treated at Anaconda and Great Falls contained less 
than 35 per cent zinc and about 15 per cent iron. Improvements in concemtration 
practice since that time have made possible the separation of zinc and lead in many 
ores of this class, witli th(‘ production of a much higher grade zinc concentrate. This 
higher grade concentrate contains much less lead, iron, and silver than formerly 
encountered and has proved particularly adaptable to the electrolytic process. 

One essential requirement of the elc;ctrolytic process is a larg(' source of power, 
the cheaper the better. Most of the largo electrolytic-zinc plants have been located 
close to the source* of comparatively cheap water power. Power is the largest single 
item of cost in th(i operation, and it is nt‘cessary to obtain the lowest rat(^ possible. 
The lower the rate of power, the wider the range of ortis that can be economically 
treated. It is not vitally lu'cessary that \rater power be available, as cheap power 
can be generated from coal in some localities and then transmitted to the source of 
ore supply. The saving of freight on both ore and coal can then be applied as a credit 
to the cost of producing power. The amount of coal and coke required by a retort 
plant using coal for fuel is just about sufficient to produce the power required for an 
(‘h'ctrolytic plant of the same capacity. Within reasonable distances, it is cheaper 
to generate power at the source of fuel and transport it to the ore supply, than it is 
to ship the coal. Water power is in most cases cheapt'r than power generated from 
coal, but usually it must be developed in large units to be economical. It may be 
that some possible sources of water power, not now utilized because of the lack of 
sufficient demand near by, may eventually be developc^d for the location of electrolytic- 
zinc plants. The total requirement for a plant producing 100 tons of electrolytic 
zinc per day is about 20,000 hp. 

Prom the standpoint of labor requirements and working conditions, the elec- 
trolytic process compares favorably with the best of the industrial plants. For the 
production of 100 tons of zinc per day from a concentrate containing 55 per cent zinc, 
less than 200 men are required. A large number of these are comparatively unskilled 
labor. A high class of labor is attracted, making for a steady and dependable supply 
of labor of more than average efficiency. 

The cost of construction of an electrol}iiic-zinc plant is necessarily high, owing to 
the large amotint of copper, lead, and aluminum required for bus-bar lines, electrodes, 
electrode support bars, solution piping, acidproof pumps, and other acidproof equip- 
ment. The high salvage value of an electrolytic-zinc plant offsets the heavy first 
cost. The cost of buildings for an electrolytic-zinc plant need be no more than for a 
retort plant of like capacity. The difference in cost between the two is mainly for the 
equipment contained in the buildings. When the high salvage value of an electrolytic 
plant is credited to the cost of construction, the ultimate difference in cost between 

and a retort plant will be little, if any, in favor of the retort plant. 

The normal production of a high-purity zinc is a large factor in favor of an eleo- 
'rolytic-zinc plant.* Zinc of high purity usually commands some premium over the 
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lower grades. It is possible for an electrolytic plant to furnish zinc of any specified 
analysis, varying either the cadmium or lead content to suit the customer. Any 
grade up to the “electrolytic” grade with a purity of 99.99"^ per cent can be produced. 
In fact it is quite common for an electrolytic plant to produce all its cathode zinc with 
a high degree of purity and to d(jbase a portion with cadmium or lead during melting 
and casting, in order to meet customers' specifications. 

llie high recovery of metals other than zinc by the electrolytic process, and the 
comparatively small amount of residue produced, will, in some cases, result in the 
production of a residue of sufficient value to pay the cost of treatment. A high 
recovery of lead from electrolytic-plant residue may be obtained at moderate cost, 
and with some ores, the credit from residue may amount to a large item in favor of 
the electrolytic process. 

Combinations of circumstances are p<)ssible that will eliminate either the elec- 
trolytic or the retort procicss from consideration for the treatment of any class of ores 
in any locality; so both processes should bo thoroughly inv(vstigated. 

The large amount of soluble silica in carbonate and silhiate or(;s is decidedly detri- 
mental to the electrolytic-zinc process, making the st^paration of residue and solution 
a difficult problem. This problem has been successfully met by the plant of the Rho- 
desia Broken Hill Development (-o.. Broken Hill, Northern Rhodesia. This plant 
produces zinc by the electrolytic process from ore containing 25 per cent zinc in the 
form of silicate. The outstanding feature of the process used is the conditioning of 
the leach pulp, by careful control of temperature and acidity, to convert the gelled 
silicic acid into the granular form. 

There are isolated instances in which certai# impurities, such as arsenic, antimony, 
cobalt, nickel, and germanium, occur in such amounts as to add greatly to the cost of 
solution purification in the electrolytic-zinc- procciss. These classes of ores can be 
more economically treated by the retort pnx^ess. 

The electrolytic process is particularly sxiited to the treatment of concentrates 
produced by the flotation method. The smaller the particle size of the concentrate 
to be roasted, the lower the temperature nece.ssary to eliminate the sulphur content. 
Also, finely ground calcine is essential for the sati.sfactory leaching of roasted con- 
centrate. A large proportion of zinc concentrate now produc(‘d is flotation concen- 
trate, especially since the general application of selective flotation to ores (‘ontaining 
both zinc and lead. 

Outline of the Process. — An arbitrary division of the electrolytic-zinc process 
groups the necessary operations under three divisions: (1) the preparation of ore or 
concentrate for leaching, (2) the treatment of roast(^d ore or concentrate to produce 
a pure solution of the zinc salt to be electrolyzed, and (3) the electrolysis of the pure 
solution to produce metallic zinc and to regenerate the leaching solution. 

Preparation of Concentrate for Leaching. — Concentrates containing zinc sulphide 
must be roasted to convert the zinc sulphide present into zinc creide or zinc sulphate. 
Zinc sulphide is insoluble in the leaching solution, while zinc oxide or zinc sulphate is 
readily soluble. The conditions under which roasting is carri(;d on also control to 
some extent the solubility of iron, copper, and silver in the leaching solution. Roast- 
ing is one of the most important steps in the electrolytic process, especially when leach- 
ing with dilute sulphuric acid, as the possible recovery is greatly dependent upon 
how well this step is performed. Several methods of preparing the concentrate, 
other than roasting, have been proposed. None of these is commercially feasible 
at the present time. 

Production of Pure Zinc Solution. — Dilute sulphuric acid is the only solvent used 
in the leaching of roasted ore or concentrate for the commercial production of elec- 
trolytic zinc. Not only zinc but many other elements, if present in the roasted 
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material, are dissolved by dilute sulphuric acid. Most of these elements must be 
removed from solution to ensure succe&sful eletitrolysis. The production of a pure 
solution is really a combination of several steps: leaching to dissolve zinc, separatioit 
of solution and insoluble residue, purification of solution, and clarification of solution. 
This combination is of basic importance to the process as, given perfect roasting, the 
recovery of zinc is dependent on proper leaching and filtration, and the successful 
electrolysis of zinc sulphate solution is dependent on proper purification of solution. 

Electrolysis of Solution. — The only successful commercial method so far developed 
for the production of metallic zinc from zinc sulphab^ solution is by electrolysis. 
Purity of solution is the essential factor. Probably no other process operating on 
such a large scale requires the same degree of purity. Other factors influencing 
electrolysis are the temperature of the electrolyte, current dcuisity, ratio of acid to 
zinc in the elec^trolyte, period of deposition, and purity of electrodes. Load or lead- 
alloy anodes and aluminum cathodes are used. The current appluid varies from 30 
to 100 amp. per sq. ft. of cathode surface. Purified zinc sulphate solution is fed to the 
electrolyzing cells where, by the application of an electrical current, zinc, is deposited 
as a metal on the cathode. For each unit of zinc deposited, approximately one and 
one-half units of a(ud are regenerated. Th(5 efficiency of this redaction d(*, creases 
rapidly as the ratio of acid to zinc increases. For this reason no attempt is usually 
made to remove^ more than about 75 per cent of the zinc, in solution. The spent 
electrolyte, containing about 25 per cent of the original zinc and the acid regenerated 
durii»g electrolysis, is rciturned to the leaching division to be used for further leaching 
of roasted concentrates. Ihe zinc deposited during electrolysis is removed at the 
end of n'gular periods and is melt('d and cast into slabs. 

Zinc is (dect.ronegative to hydrogen, and it would be expected that zinc could not 
be d(‘posited from arj acidified solution of zinc sulphate. The hydrogen overvoltage 
on zinc, how(‘ver, is high enough so that zinc plates out in pref(*n‘nce to hydrogen. 
Some hydrogen is always evolved, especially with the higher current densities. 

The simple chemical reactions involved in the roasting, leaching, and electrolysis 
of zinc are as follows: 

Roasting: 

2ZnS + 3O2 « 2ZnO + 280* 

2ZnO + 2SO2 -h O2 « 2ZnS04 

Leaching: 

ZnO + IhSO, = ZnSOi + H2O 

IClectrolysis: 

ZnS04 -f H2O + direct current = Zn + ILSO4 + ^2^2 

In addition to the divisions of the process as outlined, there might be added a 
fourth, treatment of the residue. The eleetrolytic-zine process is particularly appli- 
cable to the trcatnicnt of the complex ores of the Western states, and there are in nearly 
every instance sufficient values in the residue to warrant their recovery. 

The great variety of ores to which the process is applicable results in the produc- 
tion of several classes of residue. Each class of residue requires its own method of 
treatment to produce the greatest possible return. Lead smelting, copper smelting, 
wet methods, or a combination of methods, may be necessary depending on the class 
of residue produced. 

PREPARATION OF CONCENTRATES FOR LEACHING 

Roasting* — The main object of roasting for the electrolytic-zinc process is to 
obtain the maximum percentage of zinc that will be readily soluble in the leaching 
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solution. Zinc sulphide is practically insoluble in dilute sulphuric acid at ordinary 
temperatures. Zinc oxide is readily soluble in dilute sulphuric acid, and zinc sulphate 
is soluble in water. Roasting is done, therefore, to convert the zinc sulphide in the 
unroasted concentrate as completely as possible into zinc oxide and zinc sulphate. 
Only enough zinc sulphate to supply the acid requirements of the plant is normally 
desirable, as any excess must eventually be discarded. The acid requirements of a 
plant of this kind are usually small. The only acid losses are as insoluble sulphates 
and solution losses. The higher the lime and lead content of the concentrate, the 
greater will be the loss as insoluble sulphates. The chief loss of solution is as entrained 
moisture in the residue. Usually a zinc sulphate formation of 2 to 3 per cent sulphate 
sulphur in the calcine is sufficient to supply all acid losses. A greater amount of 
zinc sulphate than necessary tends to build up zinc and acid in the system. A higher j 
concentration of zinc in the solution results in a greater loss of zinc in the residue and 
increases the difficulties of settlement and filtration. 

Roasting Furnace. — Most electrolytic-zinc plants use some modificat’on of the 
Wedge furnace for the roasting of zinc concentrates. The Wedge furnace is a circular 
multiple-hearth furnace of the McDougall type. Nearly every electrolytic-zinc 
plant using this furnace has developed some modification in design, until at the 
present time, as far as the electrolytic-zinc industry is concerned, there exists no 
standard form. Figure 1 shows the form of Wedge furnace from which theses modifi- 
cations were derived. 

The type of Wedge furnace used by the Anaconda (k)pper Mining (^o. at its Great 
Fails and Anaconda plants is 25 ft. in diameter. It has seven superiinposcid roasting 
hearths plus a top hearth for drying the feed. A 5-ft. -diameter hollow steel brick- 
lined revolving center shaft carries 26 cast-iron arms, four for each of the drier and 
first hearths, and three for each of the remaining six hearths. All the arms except 
those on the drier hearth are cooled with water deliver(‘d to th(^ arms through a 
system of piping inside the center shaft. The center shaft is supported on a step 
bearing and, complete with bricks, arms, piping etc., W'eighs approximately 50 tons. 
The speed of the center shaft varies in individual furnaces from one revolution in 
4 min. to one revolution in 2 min. The driving mechanism consists of a set of reducing 
gears powered by a 15-hp. 555-r.p.m. electric motor. The furnaces are fired with 
natural gas, usually by two burners on the seventh or bottom liearlh, spaced 180 deg. 
apart. When additional heat is desired in other parts of the furnace, portable burners 
are set up in the furnace doors. 

The concentrate to be roasted is fed by an apron feeder driven from the revolving 
center shaft. It is discharged from the feeder onto the outer edge of the drier hearth 
and advanced across the hearth by means of rabbles or rakers fastened to the furnace 
arms. When the material reaches the inside of the drier hearth, it falls through holes 
to the next hearth below, the first roasting hearth. The rakes on the rabble arms of 
the hearth are set to move the material outward; when it reaches the outer edge 
of this hearth, it falls through drop holes onto the next hearth, and so on down through 
the furnace. The roasted material, commonly called calcine, is discharged from the 
seventh, or lowest, hearth into two steel hoppers provided as a temporary storage 
for calcine. '^These hoppers discharge into cars for removing the calcine. 

The gases produced by the roasting process pass upward through the furnace 
countercurrent to the material being treated. From the first roasting hearth, the 
^ases are passed into offtake flues that lead to the main gas flue. The roasting of 
flotation or fine table concentrates in this type of furnace is productive of a large 
amount of flue dust which must be collected and returned to the furnaces for further 
treatment. A part of the dust settles out in the flues adjacent to the furnaces. These 
flues are hoppered to facilitate removal of this dust, which is ordinarily returned to 
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The materials to be treated are flotation or fine table concentrates, over 50 per cent 
of which will pass a 200-mosh screen. The calcine product from the roasting furnaces 
contains a certain amount of oversize material that is screened out, crushed, ground, 
and returned to the furnaces for further treatment. Dust collected from the furnace 
flues is also re-treated through the furna(*,es. These last two materials contain an 
appreciable amount of unroasted matter which must be further oxidized before they 
are suitable for leaching purposes. 

The amount of flue dust carried away from a furnace during roasting depends in 
large part on the fineness of the concentrate and on the volume and velocity of the 
flue gases. The amount of dust that can be carried by a gas of given volume depends 
mainly on the velocity of the gas stream. A reduction in velocity of a given volume / 
results in an even greater reduction in the maximum load of dust that can be carried! 
by that given volunui of gas. In order to ke(»p down tlu^ amount of flue dust produced 
by the furnace, it is necessary to keep the gas volume and velocity ns low as possible by 
carefully regulating the door openings on each hearth to give only the amount of 
air necessary for roasting and for cooling the upper hearths. Ordinarily the Wedge 
furnace has but two gas offtake flues. The addition of one or more offtakes lowers 
the velocity of the gases very materially and allows more air to be admitted to the 
furnace without increasing the amount of flue dust produced. If a large portion of 
the dust collected from the flues is returned to one furnace (or more if necessary) and 
the gas volume on this furnace is held as low as possible, the amount of dust recircu- 
lated may be kept at a minimum. 

The capacity of this typo of furnace varies widtdy with the class of material treated. 
The amount nf lead contained in the concentrate has a large effe(;t on the amount that 
(!an bo treated. Th(i capacity of a furnace is greater for high-zinc concentrate con- 
taining relatively low lead values than for a lower grade high-lead concentrate. The 
limiting factor for low-zinc complex concentrates is the ability to cool the upper 
hearths without undue production of flue dust. In general, the higher the zinc con- 
tent of the concentrate, the higher the roasting temperature required. 'Jlie normal 
limits when roasting a high-grade zinc concentrate are 40 to GO tons of new feed per 
24 hr. 

Lump coal, pulverized coal, oil, and gas have all been ust^d as fuel in these furnaces. 
Gas is by far the most satisfactory. A large part of the ash from pulverized coal settles 
in the furnace and flue system and eventually finds its way out in the cahdne. Then 
it adds to all subsequent operating costs, such as leaching, filtration, and residue treat- 
ment, Fuel requirements vary with the class of concentrate being roasttid. When 
using pulverized coal containing a heat value of 10,000 B.t.u., the observed limits are 
from 7 to 18 per cent of the weight of concentrate. Oil reouirements are about 
20 per cent less than coal on a heat-unit basis of comparison. Gas requirements vary 
from 2500 to 3500 cu. ft. of 1000 B.t.u. gas per ton of concentrate. 

The electrolytic-zinc plant of the (-onsolidated Mining and Smelting Co. of 
Canada, at Trail, B. C., has developed a ^‘burning concentrate process^* of roasting 
zinc concentrates. This method, also known as flash roasting,” under some con- 
ditions has decided advantages over the conventional method. The original roasting 
practice at Trail employed standard Wedge furnaces. Eight of these furnaces were 
converted to flash roasting by removing the second, third, fourth, and fifth hearths 
from each furnace to form a combustion chamber. 

The top or drier hearth is covered and, along with the r(^gular first hearth, is used 
to dry completely the wet concentrate feed. Some gas from the combustion chamber 
is by-pas8<}d through this chamber to aid in the drying process. The wet concentrate 
is fed at a controlled rate to the drier hearth through a closc^d chute. After being 
thoroughly dried while passing over the two drier hearths, the material is then delivered 
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to a ball mill situated near the furnace. The ball mill pulverizes all lumps formed 
during the drying process. The discharge from the ball mill is then elevated to storage 
hoppers over each furnace. 

The material at this point is fine, dry, and at about 95°C. It is fed from the stor- 
age hoppers by air injectors which deliver it to the burner. At the burner it is mixed 
with air supplied by a fan and is blown into the top of the combustion chamber of the 
furnace. The material ignites immediately upon entering the furnace, and in burning 
maintains a temperature between 900 and 9oO°C/. in the combustion chamber. No 
external heat is needed to maintain the roasting temperature, as all heat is supplied 
by the burning concentrate itself. The temperature of the combustion chamber is 
maintained between very close limits by carefully controlling the ratio of concentrate 
to air. 

About 40 p(T cent of the material introduc(*d into the combustion chamber is 
carried out of the f\irnace with the flue gases. The hot dust and flue gas<‘s pass 
through waste-heat boih'rs where approximately 1,1 lb. of steani is generated for each 
pound of concent rate troat(;d. The gases pass from t he boilers into cyclone collectors 
where most of the dust is removed. The remaining dust is then removed by passing 
the gas stream through a C/ottrell precipitator. 

The material settling to the bottom of the combustion chamber of th(‘ furnace, 
comprising about 60 per (^ent of the total, is rabbled across two collecting h(;arths at 
the bottom of the furnace. There the remaining sulphide is oxidized, and the finished 
calcine is then carried to a calcine storage by means of conveyers. The collecting 
chamber can, if ncK'essary, be used as a sulphating chamber by the introduction of a 
strong atmosphere of sulphur dioxide. Under normal operating conditions, the cal- 
cine from the flash-roasting furnaces at Trail assays, on the average, about 0.3 per 
cent sulphide sulphur and 0.4 per cent sulphate sulphur. 

The capacities of the suspension-type roasters at IVail have l>een increased by the 
introduction of oxygen into the furnace during roasting. The oxygen is obtained 
as a by-product from an ammonia plant. 

The zinc, roa,st(;rs of the (liesche Spolka Akcyzna, Poland, have been changed 
over to suspension roasting. No heat, recovery has been attempted, and the roaster 
gases are taken off th(‘. top of the furnace. It was found nec(*ssary to grind the flota- 
tion concentrates to obtain thorough rojusting. 

The advantages of this method of roasting arc: more than doubling the furnace 
capacity, saving in cost of fuel, and production of gas rich enough in sulphur dioxide 
or acid manufacture. The disadvantages are: production of a much greater 
percentage of flue dust, higher gas temperatures, and the drying and grinding of 
concentrate. 

The advantages outweigh the disadvantages heavily where fuel is expensive and 
acid is to be produced from the flue gases. Also, where large quantities of steam can 
be utilized, tlu; waste-heat boilers are a decided advantage. By proper control of the 
air supplied to the furnace, fusion of the roasted particles is avoided and the resulting 
calcine can be leached without difficulty. 

The Flin Flon plant of the Hudson Bay Mining and Smelting Co. uses modified 
Wedge-type roasters operating on the split-draft^' process. This type of furnace is 
equipped with gas offtake flues on both the first and seventh hearths. Under normal 
operating conditions, the draft splits at the third or fourth hearth, with about one- 
fourth the gas leaving the furna(?e from the first hearth. By regulating the amount 
of gas drawn from the upper or lowrer offtakes, the location of the heat zone in the 
furnace can be controlled. The amount of concentrate fed to the furnace is so regu- 
lated that the heat of combustion of the concentrate is enough to maintain roasting 
temperature. While no external heat is used for normal operation, several stand-by 
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burners using pulverized coal are installed on each furnace to be used in case of 
necessity and for heating the furnaces when starting up after a shutdown period. 

Tlie electrolytic plants at Ordzhonikidze and Cheliabinsk, IJ.S.S.R., each have six 
25-ft. -diameter roasters designed to operate on the split-draft principle. The split- 
draft process permits the heat of combustion to be used under full control and elimi- 



Fig. 2. — Roasting low-grade concentrates without returning flue dust. 

nates the use of extraneous fuel. It permits a close control of sulphation, gives 
consistent low operating temperatures with a low ferrite formation, and increases the 
life of the roaster bricks and rabble arms. 

The Electrolytic Zinc Co. of Australasia, at Risdon, Tasmania, has a somewhai 
different roasting practice from most other zinc plants. The material delivered to 
the Risdon plant is not raw concentrate but has been preroasted before shipment. 
This material when delivered contains about 7 per cent sulphur with about 6 per cent 
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as sulphides. It is wetted before shipment with water relatively high in chlorine and, 
being carried by ships, is also liable to accidental wetting with sea water. 

The furnaces are of Risdon design and are a modification of the Leggo furnace 
used for roasting arsenical pyrites. Each furnace has four superimposed hearths 
85 X 8 ft. Each hearth has a flue connecting to the main flue system. The furnace 
charge is fed on to the top hearth through a hole in the top, and from this hearth to 
the lower hearths through regulated openings. Each hearth is practically a separate 
furnace. The furnace is built on a slope of 1 : 12 and has 16 columns which carry the 
rabble arms for each h(^arth. The sweep of each rabble arm overlaps the sweep of the 
next in line, and by this means the material is carried the length of the furnace. Each 
furnace treats about 90 tons of charge per day, with a fu('l consumption of 10 to 12 
p(^r cent of the weight of the charge. The fuel used in the furnac.es is slack coal burned 
on a traveling-grate stoker. 

The Formation of Ferrites. — The presence of iron in zinc sulphide ores causes the 
greatest loss in the electrolytic-zinc process. Under certain conditions, zinc oxide and 
iron oxide combine to form zinc ferrite, ZnO.Fe 20 a, which is insoluble in warm dilute 
sulphuric acid. Ko successful commercial method has yet been developed to prevent 
the formation of some' zinc ferrite during roasting, but its formation can be partially 
controll(‘d by a careful regulation of roasting conditions. The formation of ferrites 
is dependent on the iron contcuit of the concentrate, the association of the zinc and 
iron content, the temperature of roasting, and the length of the roasting period. 
Analysis of the concentrate will not alone serv^e as a means of predicting the amount 
of ferrite that will Ix^ formed. A concentrate with a relatively low iron content, 
with the zinc and iron closely associated, will tend to form more ferrites during 
roasting than a concentrat(! with a higher iron content, but with the iron and zinc in 
less intimate contact. 

Iron sulphide oxidizes at low'er temperatures than zinc sulphide, and it is possible 
by careful control to make a prc'fenuitial roast if the initial roasting temperature is 
k(‘pt below 6(K)®(\ Thi‘ object is to prevent the simultaneous oxidation of iron and 
zinc as much as possible. Some zinc sulphide will always be roasted, however, even 
at low teniperatur(‘s, with the subsequent formation of ferrites. If, however, the main 
bulk of the iron sulphide is roasttxi first, and the zinc sulphide later, the chances of 
combination are greatly reduced. When the particles of zinc and iron are very 
intimately mixed, as in marmatite, preferential or selective roasting is practically 
impossible and a high percentage of ferrite is bound to result. The general practice 
is to ktxq) the tempcTatun* as low as possible throughout the furnace and, especially, 
to keep the temperature on the first two or three roasting hearths below 600°C. As 
the iron content of a concentraU* increase's, the possibility of making a selective roast 
also incr^'ases. Most low-iron concentrates roast with complete combination of the 
iron and zinc as ferrite. Figure 2 gives data taken from roasting low-zinc high-iron 
concentrate. The data in Tabhj 1 were obtained in the laboratory on samples from 
the same class of concentrate and show that the analysis cannot be depended upon to 
determine the amount of ferrite formation. 

Roasting Temperature. — Roasting depends almost entirely on the control of tem- 
perature and time. The length of the roasting period is set by the roaster speed and 
the design and position of the rakes on the rabble arms. While it is possible to change 
the speed of a furnace by a change of gearing, the speed is usually constant over long 
periods of time. A variation in rabbling time by a change in design and spacing oi 
rakes is also possible but, like the turning speed of the furnace, has no flexibility of 
control. Therefore, the control of roasting is dependent on temperature, which is, 
in turn, controlled by t lie amount of fuel burned and the quantity of air admitted to 
the furnace. 
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Table 1 



Per 

cent 

Zn 

Per 

cent 

Pb 

Per 

cent 

Fc 

Per 

cent 

S 

Per 

cent 

8 O 4 

Per cent 
soluble 
Zn 

Per 

cent 

As 

Per 

cent 

Sb 

Concentrate A 

39.6 

13.8 

6.6 

20.2 



il 

0.04 

Calcine A 

37.8 


6.3 

8.8 

8.5 

92.6 


0.03 

Concentrate B 

47,3 

3.4 

7.0 

32.2 



0.53 

0.17 

Calcine B 

44.8 


6.6 

8.5 

8.1 

94.2 

0.23 

0.05 

Concentrate C 

34.9 

13 6 

11.6 

32.0 



0.11 

0.03 

Calcine C 

36.8 


11.8 

5.4 

5.2 

92.7 

0.09 

0.03 

Concentrate D 

34 3 

17,8 

7 5 

28.4 



0.08 

0.03 

Calcine D 

33.8 


7.4 

1 

6.0 

5.9 

89.1 

0.07 

0.03 

Concentrate E 

30.8 

3 6 

16.4 

35.3 



0 90 

0 19 

Calcine E 

30.4 


16 0 

8.5 

8 5 

87 2 

0 24 

0 11 


Not®. — lloasiH made at low temperature — C50”C. maximum — with no attempt to control aulphate 
sulphur. 


The maximum temperatures in roasting for the electroly tie-zinc process may be 
given as approximately 650°(^ for complex low-zinc conc(‘ntrates, and for liigh- 

zinc concentrates. In order to obtain sj)eed in roasting, the temperature must be 
carried as high as possible without materially lowering the solubility of the product. 

Table 2 



Per cent 
Zn 

Per cent 
Pb 

Per cent 
Fe 

Per cent 
R 

Per cent 

SO 4 -S 

Per cent 
soluble 
Zn 

Concentrate A 

32.3 

8.2 

15.6 

32.4 



Calcine A . . . . 

35.0 



3.8 

3.2 

80.3 

Concentrate B 

32.3 

16.4 

L7 

28.4* 



Calcine B . . . . 

34.6 



3.9 

3.5 

88.5 


The initial temperature should be well under 600‘^C. for at least one roasting hearth. 
This is especially true for concentrates containing appreciable amounts of lead and 
iron sulphides. Lead sulphide fuses without roasting if the initial temperature is too 
high and forms a hard crust on the hearth under the rakes. It may also coat the 
particles of zinc sulphide and form lumps that will pass through the furnace without 
being roasted ; these must be screened out of the calcine, crushed, ground, and returned 
to the furnace for additional roasting. As the initial temperature increases, the loss 
of lead through the formation of fume also increases rapidly. High initial tern- 
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peratures in the presence of iron sulphides are very conducive to the formation of zinc 
ferrites. 

With the initial temperature low, the temperature lower down in the furnacte 
must be increased to complete the roasting of zinc sulphide and to i)revent the forma- 
tion of an excessive amount of zinc sulidiate. This temperature must also b(‘ kept 



high enough to prevent any appreciable amount of sulphide sulphur being left in the 
calcine, as each unit of sulphide sulphur will hold approximately twice its weight of 
zinc as an ins»oluble compound. The temperature must not be raised too high, as an 
increase in temperature tends to increase the formation of zinc ferrites. Roasting 
then becoihes a nice balance between the formation of ferrites and the amount of 
sulphide sulphur left in the ore. 




S02 tfONFSRROUS MBTALLURdY 

Each concentrate treated is a problem in itself, and the best roasting conditions 
must be determined by actual practice. The best conditions for roasting a concen- 
trate cannot be satisfactorily determined on a small scale, but must be tried under the 
actual roasting conditions in the furnace. Figures 2 and 3 give temperatures from the 
operation of two furnaces on widely different classes of concentrate. 


Table 3 


Hearth 

Per cent 
SO 2 

i 

Gas 

temperature, 

degrees 

Centigrade 

Calcine 

temperature, 

degrees 

Centigrade 

Per cent 
CO 2 

1 

3.0 

438 

459 

2,5 

2 

2.8 

5G0 

551 

2.5 

3 

2.2 

620 

665 

2.7 

4 

1.2 

650 

665 

2.8 

5 

0.5 

622 

638 

3.4 

6 

0.3 

622 

652 

3.6 

7 

0.1 

543 

602 

3.0 


Temperature regulation in the furnace is obtained by varying the amount of air 
admitted into the furnace at different points, and also by varying the amount of fuel 
burned. The Wedge roaster radiates only a small amount of the total heat involved 
in the process. Some heat is conducted away by the cooling water in the arms, but 
is only a small part of the total. Approximately 80 per cent of the heat evolved 
during the combustion of zinc sulphide escapes with the flue gases. With the same 
zinc content, but with varying amounts of lead sulphide and iron sulphide, very differ- 
ent heat problems will be presented. Analysis of two concentrates and the rt^sulting 
calcines taken from monthly averages in actual practice are given in Table 2. The 
difference of 4 per cent in sulphur content of these concentrates is due to the difference 
in iron content, and must be eliminated on the upper hearths, requiring more cooling 
air for concentrate A. If the lower part of the furnace is required to do too much 
roasting, the larger volume of hot gases from the lower hearths tends to raise the 
temperature on the upper hearths and will require more cooling air on these hearths. 
Too much air admitted to the hearths where sulphur is burning tends to raise the 
temperature still further. It is essential to keep the volume of gas as low as possible 
on the lower hearths if proper control of upper-hearth temperature is to be obtained 
without too great a total gas volume. Table 3 gives the temperatures and SO 2 
analysis, by volume, of the gas on the different hearths of a furnace roasting low-zinc 
concentrate with excellent results. Pulverized coal was used for fuel. 

Sulphate Roasting. — The term ^^sulphate roasting^' as commonly used in connec- 
tion with roasting for the production of electrolytic zinc is really a misnomer. It is 
not desirable to form more zinc sulphate than is required to offset the loss of acid in 
the leaching plant. This term was coined to apply to the set of roasting conditions 
neeaSBaiy to supply acid for a plant using limestone or milk of lime for neutralization 
in thjB leaching division, thereby greatly increasing the loss as insoluble sulphates in 
iieaidue. In this process, unless sufficient acid was formed to offset this loss, it 
wua necessary to add fresh acid to the system. The maximum amount of sulphate 
jWlJp formed in practice was about 6 per cent of the weight of calcine. Ordinary 
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roasting practice on the same class of material would give about 3 per cent sulphate 
sulphur. 

The chemical reactions invob^ed in the formation of sulphate sulphur are debatable, 
as are all the reactions during the roasting process. In any case they are many and 
involved. 

The reaction ZnS -j- 2O2 = ZnS04 is possible, but if occurring where the tempera- 
ture is high, it would immediately be broken down into zinc oxide with the formation 
of SO3. Whether zinc sulphate is formed according to the reaction ZnO -f SOs « 
ZnS04 or by ZnO + SO2 + O ~ ZnS04 is not especially important. In either (!ase 
the presence of iron as a catalyst is necessary to the reaction. Some ferrite, ZnO.- 
Fe203, may also be decomposed, forming ZnS04, in the presence of a strong atmosphere 
of SO 2. 

A furnace roasting for a c<*rtain amount of zinc sulphate in the calcine must be 
operat(Ki at a lower tcm})erature, especially on the lower hearths, than when roasting 
in the normal manner. A large amount of air must be admitted to the lower hearths, 
which gives a greater dust loss due to the increased gas volume. 

Behavior of Impurities in Roasting. — Varying percentages of arsenic and anti- 
mony are eliminated in roasting zinc concentrates, as is illustrated in Table 1 . The 
amount eliminated probably (i(^pends on the form in w'hich they occur in the concen- 
trate. Most zinc ores are quite low in these impurities, which is indeed fortunate 
as they are among the most detrimental to the process. 

Some copper combines with iron during roasting, the combination being insoluble 
in dilute sulphuric acid. Concentrates containing high percentages of iron produce a 
smaller proportion of solubki copper than those low in iron. Some copper suli)hate 
is formed on the upp(^r h(‘arths of the furnace, but is later decomposed by the higher 
temperature on the lower liearths. 

A large piTcentage of the lead content of the concentrate may be volatilized if the 
temperature of t he upper hearths is too high. Too high a temperature in the furnace 
also may cause the lead to fuse and coat a considerable portion of the unroasted zinc 
sulphide, preventing further roasting of the coated particle. Some of the fused lead 
may also work into the hearth bed, forming a hard crust. 

One disadvantage of the sulphate roast is the high percentage of soluble iron in the 
calcine, lids would indicate that some iron sulphate is formed in roasting. In 
roasting without the necessity of forming sulphates, the finishing temperature is high 
enough to brc^ak up the iron sulphate, and most of the iron in the calcine is then 
insoluble in the leaching solution. All iron that is dissolved in the leaching solution 
is finally precipitated from solution as ferric hydrate or basic sulphate and, when too 
much is present, will render the residue from the leaching plant practically impervious 
to the passage of w^ash water. 

Silver is rendered less soluble at low than at high temperatures; but when the 
initial roasting temperature is high, the silver is apt to be volatilized. 

Chlorine and fluorine, if present, are largely eliminated during roasting, as most 
chlorides and fluorides are volatile at the temperature of roasting. 

Notes on Roasting. — The bedding of calcine between the rakes and the brick 
hearths is found to contain a high percentage of zinc sulphate, especially on the second, 
third, and fourth hearths. This material becomes quite hard; the hardness increases 
with the temperature of roasting. At frequent intervals the rakes are removed 
from a rabble arm, a plow is put on, and the crust is cut loose from the hearth. This 
crust is then removed through the furnace doors. If allowed to stand in the open, 
this crust will absorb moisture and disintegrate. Usually this crust is crushed, 
ground, and returned to the furnace to be given additional roasting. In order to 
prevent the formation of heavy crusts, a layer of sand is spread over the brickwork 



394 


NONFERROUS METAILVROY 


of the hearth before the furnace is started. This sand is renewed at intervals of about 
two years thereafter. 

Some lumps are always formed during, roasting and should be removed from the 
calcine before delivery to the leaching plant. If Pachuca tanks are to be used for 
leaching, the calcine must be screened through screens. The oversize product 

usually contains enough sulphide sulphur to cause trouble in leaching, espctdally in 
cases where high acid strengths are used. When sulphide sulphur is present, a reduc- 
tion of iron in solution from the ferric to ferrous state may take place with an increase 
in the loss of zinc in the residue. The oversize material screened from the calcine is 
crushed, ground, and returned to the furnace for further treatment. 

The hot calcine from the roasters must be cooled in order to prevent injury to 
employees and to lessen the hazards from fire. In the Anaconda plants the processes I 
of cooling and screening are carried out togetlicir. The hot calcine from the roasting 
furnace is conveyed by larry cars to bins above the coolers. These coolers are hori- 
zontal rotating cylinders, limul with a large number of pipes. (Pooling water is cir- 
culated through the pipes; and the calcine is cooled during passage through the 
cylinders. The calcine when reaching the discharge end of (^ach coohir is passed over a 
J^-in. trommel screen rotated by the cooler. The undersize material drops through 
the screen into storage bms directly beneath. The oversize falls into a screen con- 
veyer where it is carried to a vibrating screen where further (dassification is made. 
The large lumps that will not pass through a %Ar\. screen are collected, crushed, 
ground in a ball mill, and returned to the roasters. Th(* lumps that pass a Js-in. 
screen but not a }^-in. screen are ground in a ball mill, without crushing, and also 
returned to the roasters. The material passing through the screen is regular 

calcine and is suitable for delivery to the leaching plant. 

PRODUCTION OF A PURE ZINC SOLUTION 

Classification of Operations. — The operations necessary for thf? production of a 
pure zinc solution from roasted zinc concentrates fall into two main types: leaching 
and purification. Theoretically, leaching should hn concerned only with i he dissolving 
of zinc oxide and sulphate; but, from the economic standpoint, it must also include 
the treatment of zinc ferrites and other difficultly soluble compounds. A hjaching 
process strenuous enough to dissolve certain zinc compounds may take other elements 
into solution, thus making the purification process much more complicated. The 
purification processes, under these conditions, fall into three main classifications: ferric 
hydroxide purifications, zinc-dust precipitations, and special chemical purific^ations. 

Chemically, the leaching and purifying processes are separate and distinct, but 
in commercial practice they are sometimes so interwoven that division is difficult. 
Much of the actual purification of solution takes plax^e in the leaching tanks. The 
dissolving of zinc oxide, for example, is often simultaneous with the removal of certain 
impurities by ferric hydroxide in a single neutral leach. 

Equipment. — Standard types of leaching, settling, filtration, and clarification 
equipment have been adapted to the needs of the process, thereby simplifying the 
mechanical problems. Pachuca tanks are generally used for leaching, the size depend- 
ing on the needs of the plant; standard thickeners are used for thickening of pulp; 
standard continuous vacuum filters are employed for filtration of the thickened pulp ; 
any type of mechanical agitator of large capacity will answer for zinc-dust purifi- 
cation; and standard pressure filters are used for clarification of solution. All equip- 
ment should be constructed of materials not attacked by acid or by copper in solution. 
Lead and wood are commonly used for the construction of parts in contact with acid, 
and lead, copper, or bronze for parts in contact with neutral solutions containing cop- 
per. The recent developments in alloys have produced materials that are rapidly 
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being adopted by the electrolytic-zinc industry. A further increase in the use of these 
materials can be expected as their production is increased and their applications are 
proved. 

The use of materials that are resistant to corrosion requires considerable extra 
capital outlay over the cost of similar equipment of iron and steel. This is largely 
offset by th(^ high salvage or scrap value that can be credited against the heavy first 
cost of construction. 

The Pachuca tank is especially well adapted to the continuous leaching practice 
that has been adopted by the larger plants. The Pachuca tank operates on the same 
principle as the common air lift. Pulp is circulated and agitated by means of an air 
lift placed centrally in the tank, the pulp entering the lift at the bottom of the tank and 
being discharged at the top. The common size of tank is 8 to 10 ft. in diameter and 
20 to 30 ft. d(K;p. An inverted cone built into the bottom of the tank serves to 
deflect solid parti(;les to the center so that they will be drawn into the air lift. The 
tank and air lift are made of wood, and the tank staves are bound together with iron 
hoops covered with sheet h^ad. An extra lining of wood inside the tank serves as a 
protection to the tank staves and can be easily renewed when nec(^ssary. This adds 
materially to the over-all life of the tank proper. Figure 4 shows the usual form of a 
Pachu(a tank, with the method of supporting the central air lift and of admitting the 
air to the lift. 

(Compressed air at 20 to 30 lb. pressure is employed for agitation of the pulp. The 
consumption of air ranges from 100 to 150 cu. ft. of free air per tank per minute in 
order to maintain sufficiently violent agitation to prevent classification of the pulp. 
Even then soim^ classification takes place, and over a long period of time the tank 
begins to build up in solid particles too heavy to be moY(»d by normal agitation. It 
is advisable that the air supply to the tanks be also connected to a source of air under 
80 to 90 lb. pressure. 'Fhen, wh(*n a tank begins to load up in the bottom with heavy 
material, a short period of more violent agitation will usually clear it. 

The tanks in eontinuous-lea(*king practice are in series with connecting launders 
at the top of the tanks. The rate of flow through the series of tanks may be regulated 
by partially closing the connections between tanks. The number of tanks in series 
depends on the volume of pulp to be handled per unit of time and the length of time 
required to complete the reactions. 

The leached pulp going to the neutral thickeners sometimes contains such a large 
amount of coarse material or “sand” that, unless renK)V(‘d, it would cause trouble 
with the thickener mechanism. If this is the case, the pulp is first passed through 
some type of classifier or sand trap and the coarse particles are removed. The trapped 
“sand” is then either added to the thickener underflow or given special treatment. 

Standard thickeners are used for the s<‘paration of solution and solids. These 
are much the same type as those used in cyanide practice ; but more slope and a larger 
discharge cone for the thickened pulp should be provided, especially for thickeners 
handling an acid product. The tanks are made of wood staves held together with iron 
hoops covered with sheet lead. The bottoms of the thickeners are often made of 
concrete poured over sand on a wooden floor. Overflow launders are made of wood. 
They may be lined either with brick or with a thin layer of wood that can be easily 
replaced when worn. Launders for use with acid-bearing solutions are often lined 
with sheet load. 

The drums or forms of the continuous vacuum filters used are made of wood or 
bronze, and the tanks are of either wood or steel with a lead lining. All pipes and 
fittings are of copper or bronze. For the filtration of a slightly acid pulp, the best 
filter cover yet developed is a pure unwashed w'ool blanket, placed so that the nap is 
on the outside of the filter. Such a cover will not “blind” easily, as the threads do 
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not swell when soaked in dilute acid. Also the nap acts as an automatic valve, closmg 
when under suction and opening and freeing the cloth when under pressure. The 
natural oil in the wool protects the fiber against attack of dilute sulphuric acid. The 
dry vacuum system is used, and the solution reiieiver is made of either wood or bronze. 
To prevent vapor or spray from getting into the vacuum pumps and corroding valves 
and cylinders, receivers and traps should be of extra-large capacity. 

Mechanical agitators with bronze or wood shafts and impellers are used for zinc- 
dust purification of solution. Plate-and-frame filter presses of bronze are generally 
used for clarifying the solution. Zinc sulphate solution, even when free of copper, 
will cause iron plates to corrode quickly, thereby plugging solution passages. All 
pumps and solution lines for handling neutral solutions containing any copper are 
made of bronze, copper, or stainless steel. Lead or stainless steel pumps are used for 
acid solutions, whih*. wood or lead lines are used for conveying the solution. 

Leaching. — The primary object of leaching is to dissolve all zinc oxide and zinc 
sulphate contained in the roasted concentrate in dilute sulphuric acid according to 
the reaction of ZnO 4- H 2 SO 4 = ZnS 04 -f H 2 O. Unfortunately, some iron, arsenic, 
antimony, silica, alumina, copper, cadmium, cobalt, germanium, and a few other 
elements are also dissolved and must bo removed from solution before successful 
electrolysis can be carried out. It is necessary to neutralize completely all sulphuric 
acid to ensure the removal of most of these impurities. This may be done as a con- 
tinuation of the leaching operation by the addition of finely ground limestone or milk 
of lime. This constitutes what is known as single^’ leaching. It is not possible to 
neutralize exactly all free sulphuric acid and precipitate the necessary impurities 
by the addition of calcine. Exce^ss calcine is required to complete the reactions, 
resulting in a serious loss of zinc in the residue and undissolved zinc oxide. In order 
to allow the use of calcine for neutralization and precipitation of impurities, without 
impairment of zinc recovery, a leaching system is employed whereby the residue from 
the first or neutralizing leach is treated wuth an excess of dilute sulphuric acid to dis- 
solve all acid-soluble zinc. This system of leaching is known as “ double leaching. 

'^Single'^ leaching may be conducted as either a continuous or intermittent operar- 
tion, but is more easily controlled if the intermittent or “ batch system is used, 
('alcine is added to regenerated acid from the electrolyzing cells until the acid strength 
is reduced to as low a figure as possible without impairing the satisfactory recovery of 
zinc — 0.3 to 0.5 per cent H2SO4. Limestone, tinely ground, or milk of lime is then 
added in sufficient amounts to neutralize the remaining acid. Enough excess must 
be added to precipitate all the iron, silica, alumina, arsenic, and antimony present and 
to coagulate the pulp so that good settlement of the residue and a clear thickener over- 
flow is obtained. A great deal of care must be taken by the operator in the single 
leaching system in order to get a satisfactory extraction of zinc. Only enough calcine 
should be added to bring the acid strength down to the desired point after a long 
period of agitation, as any excess over this amount will result in a loss of zinc. Milk 
of lime and, to a less degree, limestone will precipitate zinc from a neutral zinc sulphate 
solution, causing some loss of zinc. All the acid neutralized by limestone or milk of 
lime must be replaced cither by the addition of fresh acid or by increasing the amount 
of zinc sulphate formed during roasting. The calcium sulphate formed by the use of 
limestone or milk of lime in<*Teases the bulk and moisture content of the residue. 
These materials when used are also quite an additional expense in the supply account. 
Normally, the only justification for the use of single leaching with dilute sulphuric 
acid is the saving in the cost of plant and in the operating cost. Only a single set of 
tanks and thickeners, with the necessary auxiliary equipment such as classifiers, 
pumps, etc.,^ is required for the application of this method of leaching. A plant 
producing only a small daily tonnage of zinc, requiring a small volume of solution, 
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should use intermittent or batch leaching for the first or ‘^neutraP^ leach, thereby 
saving enough in first cost for building and leaching equipment to offset any additional 
operating cost, * 

The single leaching process as practiced by the Sullivan Mining ('o., at Kellogg, 
Idaho, makes use of lead-lined mechanically agitated tanks. No limestone or milk 
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Fig. 5. — Flow sheet, Great Falls zinc plant. 

of lime is used to finish neutralizing the last of the acid, but a reacidification process 
is employed. The first portion of calcine is leached at a minimum of 4 to 6 per cent 
j. Itcid. Tlie remaining acid is then neutralized with small portions of calcine accurately 
sineasured. The leach is then reacidified to 2 to 3 per cent acid by the addition of 
! tnorc acid. Calcine is again added in small amounts. Any excess over the amount 
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necessary to neutralize the acid and to precipitate nearly all the iron is avoided. This 
method of making the leach improves filtration of the pulp. The Kellogg plant 
operates the high-acid high-eurrent-density process, and the particular problems 
encountered do not generally apply to the low-acid low-current-density process. 

The presence of a large amount of soluble silica in the calcine treated by the plant 
of the Electrolytic Zinc Co. at Kisdou, Tasmania, resulted in the development of a 
single leaching process particularly suit(*d to the charac.ter of the material. The 
leach is maintained acid, and instead of neutralizing the acid imnn^diately, this step 
is not carried out until most of the insoluble residue is separated from the solution. 
In the usual manner of neutral leat^hing th(‘ problcmis of filti^ring, washing, and drying 
caus(^d s(‘rious difficulties because^ of the large amount of silica present. The present 
system was worked out to surmount these problems. 

Double leaching may be eondu<*ted as either a continuous or intermittent opera- 
tion, but its most economical application is to a continuous-h'aching system when 
there is a large volume of pulp to b(; handled. The Anaconda Chopper IVIining Co. 
plants at (treat Falls and Anaconda, the (.onsolidatcid Mining and Smelting Co. 
plant at Trail, B. C., and the plant of the Hudson Bay Mining and Smelting Co. at 
Flin Flon, Manitoba, are among the larger producers using tht*- double leaching 
system. 

With th(' doubl(‘-l(^aching system, the usual practice is to add all the calcine to a 
part of th(' acid (spent el('ctrolyte) in the first or neutral leach. This giv(‘s a large 
excess of zinc oxide for comphib* neutralization of acid, removal of certain impurities, 
and coagulation of pulp. The* discharge from this h^ach goes to thickeners for the 
s(‘parati()n of solids and st)hition. 'fhe spigot product from these thi(‘keners, con- 
taining th(‘ incomplet(‘ly h'aclu'd solids, is then l(‘ach(*d, with or without filtration prior 
to l(*a<*hing, with enough spent electrolyte to dissolve all zinc oxide' and to make th<i 
pulp distinctly acid — 0.3 to 0.5 per cent H2SO4. The discharge' from the*, second, or 
aedd, Icaedi goe's to a second se;t of thickeners for separation of se)lids and solution. 
The solutie)!! fre)m the'se thickeners is returneel to the first le*ach and mixed with spent 
electrolyte to forni the first leaching se)lutie)n. 

If the e*alcine doe's not contain suffiedent soluble iron to remove comple'tely all 
soluble arsenic anel antimony, ferrous or fe'rric sulphate solutiem is adtieel to the solu- 
tion in the first leach. This iron solution is obtained either by dissolving scrap iron 
or by leaching soim* iron-bearing material with hot spent elec'trolyte. If ferrous sul- 
phate is added to tht' first leaching solution, it is oxidized with manganese dioxide 
before th<' addition of calcine. Enough manganese dioxide is also added to the leach- 
ing solution to oxidize all ferrous iron dissolved from the calcine. The chemical 
equations involvc'd arc 

2FeS04 -f 2 H 2 SO 4 4- MnOz = Fe.>(S04)» + MnS04 + 2 H 2 O 

Fo 2(S04);. + 3ZnO + 3H2O - 2Fe{OH)3 + 3ZnS04 

These reactions show that all sulphuric acid combined with the iron is eventually 
available to dissolve zinc oxide and that the iron is precipitated as ferric hydroxide, 
which is insoluble in neutral solution. 

The formation and precipitation of ferric hydroxide assists in the removal of a^r- 
tain impurities, such as arsenic and antimony, from solution. This purification is 
very often (‘xplained as being due to the reaction of ferric hydroxide with the impurities 
to form insoluble basic salts according to the equation 4Fe(OH)3 + HjjAsOa ** Fe40*- 
(0H)6A8 4- SHoO. Many authorities disagree with this theory and believe that the 
removal of impurities is due only to an adsorption process. Either theory has con- 
siderable evidence in its favor. Regardless of how the action takes place, it is suffi- 
cient to know that if enough iron is present, and the iron is all precipitated, these 
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elements are completely removed from solution. At least 10 units of iron for each 
unit of impurity is necessary for complete elimination. 

The first leach is so controlled that a large excess of zinc oxide, over that necessary 
to neutralize the acid and to precipitate the iron, remains in the pulp. This hastens 
the precipitation of silica, alumina, iron, etc., and causes soluble silica to precipitate 
in a somewhat granular form. The pulp under these conditions settles readily in the 
thickeners. Heat also aids these reactions, and the higher the temperature, the more 
complete the purification of solution and the better the coagulation of the pulp. 
As this is usually the only purification step for arsenic and antimony, the leach must 
be so controlled that it is known positively at all times that this purification is com- 
plete. A simple method has been adopted for detecting the merest traces of arsenic 
and antimony in solution. A hydrogen generator using pure zinc and sulphuric acid 
is set up. The gas generated is passed through lead acetate solution to remove any 
traces of hydrogen sulphide, and then through .silver nitrate solution. I'he solution 
to be tested is added to the hydrogen generator, and the silver nitrate solution is 
watched for a change in color. A trace of arsenic will give a brown discoloration 
and larger amounts will form a black precipitate. 

Samples of the leach discharge are taken at regular intervals and tested for ferrous 
and total iron, arsenic and antimony, and copper. The test for iron is by titration 
with potassium permanganate, or it can be roughly dcjtermined with potassium 
Bulphocyanate. The test is made by first adding a few' drops of nitric acid to the 
sample to oxidize any ferrous iron present. Then the addition of a few drops of 
potassium sulphocj^anabi w'ill indicate the amount of iron present by the depth of 
red color produced. 

The njcovery of zinc in tlu' first, or neutral, leach is low, usually not over 60 per 
cent of the acid-soluble zinc being extracted. I'his is l:>ecause of the large ex(*>e8S of 
zinc oxide necessary for complete precipitation of impurities. This necessitates the 
addition of about one-half of the spent electrolyte to the second, or acid, l(;ach. If 
the neutral-thickener underflow product is not filtered ahead of the acid, a large quan- 
tity of neutral solution is recirculated through the system. This increases greatly 
the volume of acid-thickener ovtTflow and dilutes the acid strength of the neutral 
leach to about one-third that of the .spent electrolyb?. This circulaticm of neutral 
solution has no particular disadvantage* except for the number of acid thickeners and 
pumps required to handle the solution. 

The object of the second, or acid, leach is to recover as much of the acid-soluble 
zinc as possible and the least quantity of impurities, as any impuritiess dissolved must 
be returned to the first leach. Spent electrolyte is added to the thickened or filtered 
neutral pulp in sufficient quantity to insure the presence of excess acid in the leach 
discharge. The amount of excess acid added largely determines the amount of 
impurities dissolved. If sufficient time is given for the leaching operation, practically 
all the acid-soluble zinc and only a small part of the total impurities will be leached 
with an acid strength of 0 5 per cent in the leach discharge. Figure 6 illustrates 
graphically the behavior of some of the soluble impurities in the first and second 
leaches. Some of the impurities dissolved in the second leach are derived from the 
excess calcine added in the first leach. If the acid strength is carried as high in the 
second leach as in the first leach, more impurities will be dissolved because there is 
much less zinc oxide present to neutralize the acid. If most of the zinc oxide is dis- 
solved while there is still an appreciable amount of acid present in the leaching solu- 
tion, the acid then has a greater opportunity to act on the more insoluble impurities. 
Until ail iron, arsenic, antimony, etc., soluble in an acid solution of given strength is 
dissolved from the pulp, the acid-thickener overflow is a saturated solution of these 
impurities for that acid strength. With the volume of the solution constant, more or 
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less of these impurities will be dissolved if the acid strength is increased or decreased. 
An increased volume of solution at a given acid strength also increases the amount of 
impurities dissolved. Therefore, if either the volume or acid strength of acid-thick- 
ener overflow is increased, the amount of impurities circulated will increase up to the 
point where all these elements soluble in the existing acid strength have been dis- 
solved. Also, if either or both the volume and acid strength is decreased, less impuri- 
ties will be circulated. It is highly desirable to keep the volume of solution and the 
amount of impurities circulated at a minimum to facilitate settlement in both the 
neutral and acid thickeners. A decrease in the volume of solution circulated also 
slows down the flow of solution through the same amount of equipment and gives time 
for more complete leaching. A decrease in the volume of solution circulated can 



best be accomplished by filtering the neutral-thickener spigot product ahead of the 
second leach. The filtered solution can then be added to the neutral-thickener 
overflow iiivStead of circulating it through the leacliing and settling system. Dis- 
solving a larger amount of zinc in the first leach reduces the amount of solution 
required in the second leach, but carrying this too far is dangerous practice, as some 
excess zinc oxide is necessary for complete precipitation of impurities and for coagula- 
tion of the pulp. 

The pulp from the acid leach does not settle as rapidly as properly coagulated 
neutral pulp. Some fine solid material always overflows the acid thickener and is 
imt back into the neutral system. This constitutes an additional burden for this 
c<iuipinent. The amount circulated depends partly on the rate of flow through the 
Ihickeners. A reduction in the volume of solution passing through the acid system 
^ ill, therefore, reduce the amount of solids as well as the amount of impurities returned 
1 > the neutral system. 
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An apparently simpler method of accomplishing the desired results from the 
double-leaching system would be to treat all the spent elecitrolyte with enough cal- 
cine to reduce the acid content of the leaching solution to about the same strength 
as the acid-thickener overflow — 0.3 to 0.5 per cent H2SO4 — and then to neutralize 
and purify the resulting solution with excess calcine or limestone as a separate step. 
In this method, if calcine is used, the residue is returned to the leaching system, or 
if limestone is used, the residue is discarded. This method of leaching dissolves more 
impurities from the calcine because of the high acid strength of the leach. '^Fhc residue 
from a leach of this type settles very slowly and is difficult to filter. Precipitated 
hydroxides and gelatinous silica require the weight of the main body of the residue to 
carry them down in the thickeners. They also filter much more readily when mixed 
with the sandy portion of the residue. 

“Continuous” vs. “Batch” Leaching. — The continuous-leaching system is well 
adapted to plants handling a large volume of solution and having a fairly uniform feed. 
The main disadvantage of the continuous-leaching system is that sudden changes 
in the analysers of feed make a close control of the purification part of the leach almost 
impossible. It is therefore necessary that a continuous-leaching system be operated 
at all times under conditions suited to the maximum amount of impurities that might 
be encountered. This is the only positive way to ensure that no improperly purified 
solution will g(*t by to the electrolyzing c.tdls. With a batch-leaching system, each 
tank of solution can be held until its purity is assured. A larger proportion of the 
zinc content of the' calcine can be recovered in the neutral leach with the batch system, 
as more time can be allowed for the addition of calcine and for agitation between 
additions. A much closc’r control can also be had of the amount of calcine added in 
excess of that necessary for neutralization. This results in less a(‘id-thickener over- 
flow returning to the neutral leach and improves conditions generally in the acid leach. 

Air consumption is greater with the continuous-h^aching system than with the 
batch system for a small plant. This is because it is necessary to maintain agitation 
in all the tanks continuously to prevent settling of the pulp, which wn)uld plug the air 
lifts. With the batch system each tank is completely emptied at tixe end of each 
leach, and air is used only during the actual period of leaching. A plant producing 
60 tons of zinc per day, even with a low-acid process, will reejuire h'ss than 1000 tons 
of solution per 24 hr. This amount of solution can be handlc^d more economically 
and with better leaching results in the same number of tanks operating independently 
than if arranged in series. As the volume of solution increase's beyond the capacity, 
if operated independently, of the minimum number of tanks that can be placed in 
series for successful continuous leaching, then the comparison change's in favor of 
continuous leaching, owing to the saving in time required for filling and discharging. 

Labor and repair charges are lower with continuous h'aching, and the entire leach- 
ing operation is simplified. The capacity per tank is greater, giving f(‘wer units for 
leaching and for calcine storage. Also, less difference in elevationis required between 
leaching tanks and thickeners, when gravity feed is used, owdng to the fact that the 
tanks are discharged from the top instead of the bottom. 

In general, plants of small capacity and those having a very variable feed are 
best served by the batch system, and those of large capacity and having uniform feed 
are best served by the continuous system for the neutral l<?ach. For the acid leach 
the continuous system is preferable for all plants. 

Puiificatioii of Neutral Solution. — Neutral-thickener overflow will be free of iron, 
^senic, antimony, tin, bismuth, and silica, if the neutral leach has been properly 
c^iisried out. The overflow will, however, contain 40 to 60 per cent of the copper and 
the cadmium originally present in the calcine. These two are usually the 
iptmjor impurities, but germanium, nickel, cobalt, etc., will also be found in the solution 
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If these elements were in the calcine to any extent. Some of these impurities have an 
adverse effect on ampere efficiency and must be removed to avoid trouble during 
electrolysis. Others are plated out wdth zinc and must be removed from solution 
previous to electrolysis if a pure zinc metal is desired. Both types of impurities 
are usually removed from neutral-thickener solution by mechanical agitation with 
finely divided zinc dust. The process of purification is usually so complex that 
adequate control cannot be obtained by continuous purification systems. Mechani- 
cal agitation is preferred to air agitation because of the tendency of certain impurities 
to oxidize and n^dissolve on contact with air. A singh^ zinc-dust treatment will some- 
times removt; all undesirable impurities from solution, but often th(*. purification must 
be divided into two or more ''stages/^ each with its individual precipitation and 
filtration. An excess of zinc dust over the thwretical replacenumt amount is usually 
necessary to effi'ct complete precipitation of impurities. Most of this excess zinc 
can be n^covered from the purification residue and do(^s not constitute a loss. The 
extent and intemsity to which purification must be carried out, and the exact manner 
in which it is performed, depends on the parthmlar impurities present, their relative 
amounts, and the d<!gree of purity desired in the metal pro<Uiced. 

Chopper and cadmium are the two harmful impurities usually found in relatively 
large amounts in the neutral-thickener overflow. If they are the only impurities 
pres('nt, both arc^ easily removed by a purification with zinc dust. Copper precipitates 
first and has no tendency to go back into solution. Cadmium removal is not so 
complete; an excess of zinc dust above the tlu^oretical replaccunent amount is necessary 
for ad('quate purification. The precipitation of cadmium is partially dependent on 
the copper content of the solution. A small amount of copi)er assists in cadmium 
removal; but if the ratio of copper to cadmium is high, the freshly precipitated cad- 
mium tcuids to r(‘dissolv(*, and an evem greater excess of zinc dust must be used. 

Copper and cadmium are s(‘ldom the only harmful impurities found in neutral- 
tliick(*ner ov(*rflow. The presence of copper is b(‘neficial in removing these other 
impurities, and if siifficient copper is present, most of them can be eliminated in the 
same zinc-dust purification that removes copper and cadmium. If not enough copper 
is originally present to make the purification sufficiently strenuous, it can be supplied 
by the addition of copper sulphate solution. The presence of other impurities and 
the addition of copper to remove* them increase the tendency of cadmium to redissolve. 
In many instances the re-.solution of cadmium is so gn^at that a second zinc-dust 
purification must be madt*. This is especially true if high-grade zinc is to be produced, 
in this case the first treatment with zinc dust precipitates all the copper in solution, 
together with most of the cadmium and other impuritms. The purification residue 
s filtert^d off, and more zinc dust is added to the clear solution. This second purifica- 
tion completes the removal of cadmium. It is sometimes made more effective by the 
addition of a small amount of dissolved copper, usually less than 0.1 g. per 1. 

Arsenic and antimony are often present in neutral-thickener overflow^ in small 
amounts, although, theoretically, the iron-hydroxide precipitation in the neutral 
lca(ffi should completely remove them from solution. The zinc-dust purification is 
very effective in removing these two impurities if enough copper is present. 

Antimony may bo present in some ores in sufficient quantities to complicate the 
usual n(*utral-leach purification. This condition is rarely met, but was encountered 
in the treatment of fume from the Mammoth smeltery at Kennct, Calif. Purification 
of solution in this case was accomplished by precipitating arsenic, antimony, copper, 
uud cadmium with hydrogen sulphide gas. The neutral solution was acidified to 
0.5 to 1.0 per cent acid and treated with HjS gas., This method has received little 
favor from the industry for several reasons: it is difficult to remove the last traces of 
:intiinony in this manner within a reasonable length of time without the use of an 
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enormous amount of equipment, hydrogen sulphide is both obnoxious and poisonous 
and requires special care and equipment for application on a large scale, and settling 
and filtration of precipitated antimony are difficult, due to the extreme fineness of the 
particles. 

Silica, if not removed from solution in the neutral leach, is precipitated by zinc 
dust. This increases the amount of zinc dust required and impairs subsequent filtra- 
tion by blinding” the filter medium. An excessive amount of silica tends to form a 
gelatinous coating around each particle of zinc dust; in extreme cases this action is so 
great as totally to prevent further purification. This condition requires special treat- 
ment to be given in the neutral leach to reduce the amount of silica in the neutral solu- 
tion. Solids overflowing the neutral thickeners, because of poor settlement, will also 
raise the consumption of zinc dust and increase the burden on the clarification filters. 1 
In order to obtain the slightest efficiency from the zinc dust used, the solution to be * 
purified must be free from mechanically held solids and from such soluble impurities 
as silica, ferric sulphate, and free acid. Ferric sulphate and free acid will dissolve 
precipitated cadmium and increase the consumption of zinc dust. Filtration of the 
neutral-thickener overflow is sometimes resorted to in order to obtain a solution 
absolutely free of solids. 

The discharge from the purification tanks is either filtered direct in a pressure filter 
to remove the purification sludge, or is first sent to settling tanks to take some of the 
load of solids from the filters. While settling relieves some of the load, it also increases 
the possibility of cadmium becoming oxidized and “riding back.” Filtration at this 
point must be perfect, and the filtered solution should be crystal clear. Any solids 
going through the filter medium are certain to cause trouble later in the electrolyzing 
cells. If the solid particles are copper or cadmium sludge, they will be dissolved by the 
acid in the cells and impair either the ampere efficiency or the quality of the metal 
produced, or both; if the solids are particles of rc'sidue overflowing the luiutral thick- 
eners, arsenic and antimony will b(i dissolved in the cells. Settling alone is not suffi- 
cient to ensure the necessary clarity of solution. Th(i solids from the purification 
step are treated in a separate leaching cycle for the recovery of zinc, copper, and 
cadmium. 

Filtration of Residue. — The most serious problem in the filtration of residue is to 
avoid the loss of zinc as entrained solution in the final material. Pulp that is slightly 
acid is especially difficult to handle. The gelatinous precipitates of iron and aluminum 
hydroxide and silica form a cake more or less impervious to the passage of wash water. 
The residue from a low-grade concentrate contains a rather high proportion of sandy^ 
material and can be washed with sprays. As the zinc content of the concentrate 
increases, the proportion of gelatinous to sandy material increases and washing 
becomes more and more difficult. Finally a point is reach(id wdiere sprays cannot be 
used satisfactorily and W'ashing must be done by dilution. A normal residue filter 
cake from a concentrate containing 30 to 35 per cent zinc will contain about 25 per 
cent moisture, while a residue from a concentrate containing 55 per cent zinc will 
carry 35 per cent moisture or more. 

Washing by replacement is more efficient, less expensive, and r(»,quires less water 
than washing by dilution. In either type of washing, hot water is more efficient than 
cold. The viscosity of zinc sulphate solution increases with a decrease in tempera- 
ture, and as the viscosity increases, it is less readily miscible with w’ater. Heating the 
pulp to be filtered increases the capacity of a filter owing to freer passage of solution 
and also decreases the moisture content of the filter cake. The amount and method of 
washing are partly governed by the zinc content of the solution in the pulp being 
filteoied. As the zinc content of the solution increases, the loss of water-soluble zinc 
inereaaes, unless additional washing is provided. 
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A combination of washing and replacement and dilution is generally used when 
treating a n^sidue from low-grade concentrates. Spray washing is used first, the 
resulting cake is repulped with hot water in a suitable agitator, and the resulting pulp 
is refiltered on a second filter on which spray washing is used. Repulping may be 
done in several types of agitators, but an adaption of a pugmill is one of the simplest 
and cheapest devices. A trough is fastened to the cake-discharge side of the filter 
to receive the cake as discharged. In this trough is a revolving shaft carrying pugmill 
blades and driv(ui from the filter mechanism. Water is added to the trough in suffi- 
cient quantity to form a pulp of the proper density and after being mixed with the cake 
is discharged to a second filter. The amount of wash water that can be used is 
limit(^d by the moisture carried out in the residue and the evaporation throughout the 
plant, unless some solution is discarded for other reasons. Pulp fed to the filters 
should be sufficiently thick to prevent much classification in the filter tank, or the 
sandy material will settle in the tank, and the filter cloth will become “blindt^d^' with 
slime. 

Washing a rc*sidu(' produced by high-grade concentrates presents a somewffiat dif- 
ferent problem. Here the pulp contains a relatively low percentage of sandy material, 
and washing with sprays is not practical. Repulping this residue results in a frothy 
sticky mass which is difficult to filter and retains a large amount of moisture. Even 
handling this pulp through a centrifugal pump incTcascs its resistance to filtration. 
This i)ulp is usually handled in some type of filter, such as a Moore filter, in which 
washing is doin' by r(^pla(;ement. This step is then followed by a second filtration in 
which the pulp is dtnvatered as much as possible. 

Vacuum used should be maintained as high as possible in order to reduce the 
moisturii in tin* cake to a minimum and to keep the (‘apacity of the filter at a maximum. 
The dry-vacuum system is much to be preferred, but must be provided wdth large 
solution receiv(‘rs and moisture traps to avoid carrying solution or spray into the 
vacuum pumps. A slight leakage of solution or spray will soon corrode the valves 
and cylinders of the pumps to a point where they lose efficiency and will in a short time 
cause more serious trouble through breaking of valves and pistons. Traps and 
receivers mad(^ of wood staves are preferable to steel tanks wdth lead linings. I-«ad 
linings tend to collapse and break along the seams, gi^dng the solution a chance to 
corrode the tank shell, and for this reason are expensive to maintain. Bronze or 
copper may be used in many cases but are expensive to install. 

Recovery of Zinc from Residue. — The residue from the treatment of any concen- 
trate containing iron will contain some undissolved zinc in the form of zinc ferrite. 
The residue will also contain any unroasted zinc sulphide introduced with the calcine, 
some zinc sulphate as entrained solution, and some undissolved zinc oxide in the small 
lumps that have not been penetrated by the leaching solution. As a general rule, 
the higher the zinc content of the concentrate, the smaller the percentage of the total 
zinc that remains in the rctsidue. With a high-grade concentrate, a smaller percent- 
age of zinc ferrite is usually formed during roasting because of the better separation 
of iron and zinc during the concentrating process, and because the iron and zinc arc 
normally not in as intimate contact as in a low-zinc high-iron concentrate. Less 
sulphide sulphur remains in the calcine produced from a high-grade concentrate 
because of the higher roasting temperatures permissible in the absence of a relatively 
large amount of iron. The treatment of a concentrate containing a high percentage 
of zinc results in the formation of a smaller amount of insoluble zinc compounds 
during roasting ; the smaller amount of insoluble zinc compounds formed results in a 
smaller amount of residue; and the smaller amount of residue produced decreases 
i he loss of zinc sulphqte as entrained solution, and allows more wash water to be used 
per ton of residue. 
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The amount of special residue treatment necessary to obtain a good over-all 
recovery of zinc must first be considered from the economic, standpoint. While the 
several methods often used to recover zinc from the residue may be metallurgically 
sound, they may not be practical if conditions are such that it is (di(*ap(T to buy new 
concentrate than to treat the residue. 

Regardless of the percentage of the total zinc concentrate that is contained in the 
residue, the residue may contain enough zinc economi(;alIy to warrant special methods 
of treatment for its recovery. On the other hand, the loss of zinc, per ton of (joncen- 
tratc, in the residue may be excessive, yet the zinc cont(;nt, p(‘r ton of residue, may 
be too low to pay for the cost of treatment. For example, assume that two (‘oiuam- 
trates are under consideration. The first contains 60 per c(mt zinc from whicdi a 
recovery of 95 per cent can be obtained and from wdiich 0.2 tons of nvsidiie is produced 
per ton of concentrate. This residue will (ontaiii 15 per cent zinc. The second 
concentrate contains 30 per C(‘ut zinc from which a recovery of 80 per cent can be 
obtained, and 0.65 tons of njsidiie is pro(luc.(‘d per ton of concc'iitrate. 'i''he residue 
from this com^entrate will contain 9.25 per cent zinc. Th(‘ residue from the first 
concentrate is an attractive* one to treat, while the other is so low' in zinc that condi- 
tions would need to be (^specially favoralde for the valu(; of tin* zinc, extracted to pay 
for th(j cost of treatment. 

Zinc ferrite is practically insoluble under the usual h*aching conditions, and unl(*ss 
special recovery methods are employed, the loss of zinc in the residue is lik(*ly to be 
serious. A great many methods have b(‘en investigaU'd and proposc'd for the extrac- 
tion of zinc ferrite, but only a few have been found to lx* coninn'rcially feasiblt*. The 
loss of zinc in the residue as zinc oxide, zinc, sulphide, or ziin* sulphate is large enough 
to rec(‘ive some attention, but if an (‘ffective method of recovering zinc from zinc 
ferrite is used, the zinc in these other compounds is largely recovc'red in th(i same 
process. 

Roasting the residue in an atmosphere of SOsgas at a temperature of 500 to 550°(k 
will convert most of the zinc ferrite to zinc sulphate, w hich is soluble in water. Some 
iron sulphate is formed during the roasting, and unless the t(‘mperaturt‘ is raised above 
600°C,, iron wdll be extracted w'ith the zinc by w'ater leaching, l^y a can*ful r(*gula- 
tion of temperature during the roast, the solubility of iron can be controlled to any 
desired degree. The reaction causing the decomposition of ferrite* and the sulphating 
of zinc is probably due to the action of SO3 gas. F(*rric hydroxitle d(*c()mpos{*s at the 
temperature of the roast to form ferric oxide, which acts as a catalyst in converting a 
mixture of SO2 and O2 to SO.3. The SO3 so formed is then available for the* sulphating 
reaction. This method w^as investigated during the early dev('loj)ment of tin* zinc 
plant at Trail, B. C. The residue was tr(‘ated in a multiple-hearth furnace, and pyrite 
was added to the lower hearths to furnish the SO2 necessary for the decomposition of 
ferrite. This method was commercially successful for a time, but as the capacity of 
the plant increased, it was found to be rather slow for large-scale rrperations. 

The “residue-fuming process’^ is another method used for the re(?overy of zinc 
from zinc-plant residue. This process depends on the decomposition of zinc ferrite 
and the formation of zinc sulphate when the residue is roasted with sulphuric acid at 
a high temperature. The reaction is probably carried out according to the equation: 
ZnO.FeaOa + 4H2SO4 = ZnS04 + Fe2(S04)3 + 4H2O. The sulphates of zinc and 
iron formed by this reaction are both soluble in a water leach. Some soluble ferric 
sulphate may be desirable as a source of iron for the neutral leach. The amount of 
ferric sulphate remaining in the finished product can be controlled by regulating the 
temperature of the roast. If the temperature is maintained above 600, but below 
650®Q4, the ferric sulphate is rapidly decomposed into insoluble ferric oxide while the 
jsino remains practically unchanged. 
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A high recovery of zinc can be obtained by this method — 75 to 80 per cent of the 
zinc in the residue — ^but there are two serious difficulties to be overcome. Evapora- 
tion of spent electrolyte to the concentration necessary to ensure sulphating is not a 
simple problem because zinc sulphate is crystallized out as the concentration increases. 
The solution can be dephited to about 5 g. per 1. zinc before evaporation, but only at 
the expense of ampere efficiency. Jf a cheap source? of commercial sulphuric acid is 
available, it may be more economical to deplete part of the spent electrolyte of its 
zinc content and to discard enough of this solution to offset the addition of fresh acid, 
than it is to evaporate? spent electrolyte by ordinary means. The second difficulty 
to be oven'ome i.s tlie handling and roasting of the mixture of residue and acid. If 
all the acid necessary for couiplete sulphation is added to the residue? at the start, the 
resulting mixture is too thiji to b(' handled in the usual types of large-scale drying 
equipment. 

Treatment of Copper-cadmium Residue. — The ri?sidue produc(?d by purification 
of solution with zim? dust contains too much excess zinc dust to b(‘ dis(!arded, and 
usually (tarries sufficient cadmium to pay for the necessary treatment to recover this 
metal. The (topper conbmt of this residue can also be recovered. Home basic zinc 
sulphate pr(*cipitated during the purification and clarification operations will be found 
in the r('si(lue. Unh'ss tin? neutral-thickeiKT overflow is filt<?r('d previous to purifica- 
tion, som(‘ recoverable zinc from slimes will also be pres(?nt. The zinc from all these 
sources is just about e(jual to the amount of zinc di:st used in the purification opera- 
tion. Treatment of th(‘ purification n'sidue is, then, necessary from the zin(t-recov(?ry 
standpoint, and is also dcvsirable b(M‘ause most of the (?opp('r and cadmium can be 
re(iov(T(‘d. 

Purification ri'sidue is l('ach(‘d with dilute sulphuric a(?id (sptmt electTolyt.e) to 
dissoIv(? as much zinc and cadmium as possible. 'Phe residue may b(? treated in 
either the oxidized or unoxidiz(*d condition. Oxidation, either by roasting or by long 
exposure to air, incr(*as(^s the solubility of zinc and cadmium to some extent but also 
increas(\s the solubility of copper. If the residue is treated before comphde oxidation 
takes place, the pr(»bable formation of arsine must b(* taken into account. 

Oxidized purification r(‘siduo is usually lt'a(?hed by adding the residue to the spent 
electrolyte until all the acid is neutralized. Wh(*n leacht?d in this manner, most of 
the zinc and cadmium is dissolved, and also a consid{?rabl(* portion of the copper goes 
into solution. Ihe remaining sponge copper and insoluble material is s(?ttled out in 
thickeners, and is a d(?sirable product for treatment by copper smelters. The thick- 
ener overflow, containing zinc, cadmium, and copper, is then treated with just enough 
zinc dust t-o precipit ate all but a very slight amount of the copper present. The sponge 
copper from this opt^ation is a d(\sirable source of copper for use in the regular leaching 
operations; or it can be added to the first (*opper residue. The solution after being 
purified for eopp(T is then tr(*ated for removal of its cadnuum conttmt. This can be 
d(jine either by agitating with zinc dust, or by (‘ireulating the sohition through tanks 
in which zinc slabs are susp(md(’d. In the first cas(‘, the action is much faster and is 
very satisfactory if a certain amount of zinc in the cadmium sponge can be tolerated. 
A cadnuum sponge of greater purity is obtained by the use of zinc slabs. Most of 
the cadmium sponge in this case floats to the top of the solution and is removed by 
skimming. The sponge cadmium can b(‘ used for the production of cadmium metal, 
llie solution, after the cadmium is removed, is sent to the main leacliing system. If 
Ihis solution contains an appn'ciable amount of und(?sirable impurity, such as cobalt, 
>t is good practice to remove the impurity before returning the solution to the leaching 
\vstem. Cobalt can be removed by the use of nitrosobota-naphthol if the iron in 
'olution is first prjL?cipitated. If the cadmium content of the solution is low, cobalt 
’an be removed by sodium-ethyl-xaiithate without any preliminary treatment. 
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If purification residue is treated with dilute sulphuric acid before much oxidation 
takes place, most of the zinc and cadmium goes into solution, but only a small amount 
of the copper is dissolved. The presence of a certain amount of metallic zinc and 
cadmium at all times causes the immediate reprecipitation of most of the copper, 
nickel, or cobalt dissolved. Settling or filtering a loach made in this manner resulis 
in a copper residue and a zinc-cadmium solution practically fr(‘e from harmful impuri- 
ties, The cadmium in the solution is precipitat(‘d, and the subsequent operations 
are carried out in the same manner as when oxidized r(*-siduc is leached. 

Purification residue may contain some arsenic, due to imp(^rftH*,t purification in 
the neutral leach. If the metallics always present in the freshly precipitated residue 
are not completely oxidized, then the treatment with aend will gem^rate hydrogen. 
Hydrogen, when evolved in tlu; presence of arsenic compounds, combines with arsenic 
to form arsenic hydride, commonly called arsine. Arsiiui is an extremely poisonous 
gas. A very little arsine, breathed into the human system, will cause serious illness 
or even death. It is, therefore, absolutely necessary to provide every possibles safe- 
guard in an operation of this kind. The purification n^sidue treatmejit plant should 
be in a separate well-ventilated building. The h^aching tanks should b(‘ hooded and 
connected to an exhaust fan of ample capacity to maintain a constant vai‘uum in the 
tanks and hoods. Samples of air should be drawn from different parts of the plant 
and tested for the presence of arsine. These samples should Ix^ drawn from near the 
surface of the settling tanks and, as arsine is heavier than air, from the low spots on 
the floor of the building. The tendency for arsim^ to collect in the low places is a 
dangerous characteristic. Unless ev(‘ry precaution is taken, it may c.olhu't unnoticed 
until some disturbance in the atmosphere of the building distributes it and poisons 
every employee in the department. A continuous test for tin* prt'st'nce of arshu' can 
very easily be made on the air samples drawn from various parts of the building. 
The air is first passcid through l(‘ad acetate solution, to remove* any H2S that might be 
present, and then through silv(‘r nitrate solution. The presence of arsine in the sample 
causes the silver nitrate solution to turn black. 

ELECTROLYSIS OF ZINC SULPHATE SOLUTION 

Purity of Solution. — Wlam the leaching and purifying operations have b(^en prop- 
erly carried out, the zinc sulphate solution delivered to the electrolyzing cells is almost 
entirely free from impurities that may be injurious to tht'ir operation, d'he electro- 
lyzing cell is extremely sensitive to those elements which arc clectroru'giitivc to zinc. 
So marked is the action of certain impurities that they may hav(* a (h^trimental effect 
on the cell when present in amounts too small to be detected by the, rt'gular methods. 
The effects of some impurities can be minimized by a change in operating conditions 
or by the use of certain addition agents, such as glue; but the only absolute guarantee 
of satisfactory results is purity of solution. ^ 

Next in importance to purity of solution is the purity of electrodes and tank-lining 
material. Pure chemical lead, or lead-alloy, anodes should be used. If the tanks 
are lined with sheet lead, only the purest lead obtainable should be used for this 
purpose. Aluminum of the highest purity should be used for the cathodt^s. A great 
deal of care should also be taken that no impurities accidentally find their way into 
the cell. 

With the essential details taken care of, the electrolytic cell will allow a reasonably 
wide variation in operating conditions — such as temperature, acidity, current density, 
etc. — ^without much change in ampere efficiency. These conditions must, however, 
be considered in the economic success of the process as they are quite important in 
their effects upon the voltage required, and thereby on the power requirement. 
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Power Equipment. — Power is normally the largest single item in the operating 
cost of an electrolytic-zinc plant. Direct-current electrical power is necessary for 
electrolysis; and, in most cases, it must be converted from the alternating current 
supplied to the plant. The power requirement of the zinc cell is so great that the 
smallest possible conversion lotjs amounts to an appreciable sum in the larger installa- 
tions. The size of the plant and the equipment available are the determining factors 
in d(;ciding upon the conversion machine to be used. The gradual growth of the large 
zinc plants and the electrical ecpiipment available at the time of the original capital 
outlay have resulted in the use of some conversion units which, if the ultimate size 
of the plant had been known, might not otherwise have been used. The conversion 
machines in general use are motor-generator sets, rotary converters, and mercury-arc 
rectifiers. Motor-gernrator stits are widely used in the smaller plants or where the 
growth of the plant has bec^n gradual. They have a conversion efficiency of 85 to 
88 per C(‘nt. liotary converters, having suitabhi voltage control, are more efficient 
than motor-generator sets. 'Jlie conversion efficiency of a large rotary converter is 
generally abovt'. 92 per cent and may be as high as 94 per cent. The higher voltage 
of the rotary converter permits more cells to be connected in series and requires fewer 
units. Larger and fewtjr units require less attendance and less floor space, making 
both first cost and operating cost less. Grounding the neutral point of each circuit 
lessens the possibility of personal injury with the higher voltage of the rotary con- 
verter. In ov(‘r 25 years of operation at Great Falls, not a single injury has resulted 
from the exposure of over 200 workers per day to opi^rating voltages of 500 to 550 
volts. Mercury-arc nwtifiiTs have a slightly higher conversion efficiency than rotary 
converters wlum operated at higher voltages than usually encountered in zinc plants. 
A factor of 94.5 per cent is obtained by the Magdeburg Zinc Works at Magdeburg, 
Gi^rmany, by op(*rating mercury-arc rectifiers at 750 to 850 volts on the d-c side. 
Mercury-arc rectifiers have b(^en in use for a long time; but only recent developments 
have giv(‘n them operating efficiencies satisfactory to the zinc industry. A wider use 
of this type of conversion machine in the electrolytic-zinc industry can be expected 
in the future. 

Tanks. — The tanks used as electrolyzing cells are usually constructed of wood, 
concride, or pitch concrete. Many materials have been tried in the search for the 
perfect tank,’’ but very few have been found to possess enough of the essential 
qualifi(;ations to warrant their general use. The ideal tank should be relatively low 
in cost and giv(' a long period of service. It should be a nonconductor and impervious 
to dilute sulphuric acid under electrolyzing conditions. It should be capable of 
carrying not only the load of solution, but also the weight of electrodes and tank bars. 

Wood tanks were the first to be used for several reasons. Their ease of construc- 
tion and apparent low cost were attractive, but the main reason wac, that during the 
early development of the electrolytic-zinc industry no better material was available. 
Wood tanks must be lined with lead or rubber to prevent leakage and to resist the 
action of dilute sulphuric acid. The wood used must be heavily creosoted to prevent 
rotting or disintegration due to the action of acid. The tank^ must be W(;ll reinforced 
with tie rods and plates to withstand the load of solution and electrical equipment. 
Wood tanks are gradually disappearing and are being replaced by tanks constructed 
of materials having more of the essential qualifications of the ideal tank. 

Concrete tanks must be lined with some material resistant to the corrosive action 
of dilute sulphuric acid. Lead, sulphur sand, or rubber are often used. Concrete 
tanks have a longer life and greater strength than wood tanks, but the cost is greater, 
riiey must be cast in wood or steel forms and aged 15 to 20 days before being put into 
service. Concrete is very susceptible to disintegration when in contact with acid; 
any leak developing in the lead lining is detrimental to the life of the tanks. This 
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effect can be partially prevented if the tanks are painted or varnished before lining, 
and if weep holes are provided in the bottom of the tanks. Nevertheless, this is a 
serious defect of concrete and overshadows many of the advantages of its use as a 
tank material. 

Pitch-concrete tanks arc, theoretically, the nearest approach to the perfect tank 
so far developed. They are a mixture of pitch, asphalt, silica roc^k, and silica sand. 
Pitch concrete has been used in Europe for several years for the production of acid- 
proof sewer pipe, tile, and the like ; but its application to large castings was developed 
by the Consolidated Mining and Smelting C'o., at Trail, B. C. Tanka made of pitch 
concrete are cast in one piece in steel forms. Special equipment is necessary for 
heating and mixing the mat(irial. Reinforcing wire and rods are used in the same j 
manner as in reinforced concn^te. When correctly made, pitch concrete equals con- I 
Crete under compression, exceeds concrete in tensile strcmgth, and does not require \ 
lead lining. The tanks are, however, quite fragile, and extreme care is necessary to 



Fig. 7.* — Great Falls tank hou.se. 


prevent cracks either from mechanical shock or from strains set up during the cooling 
period. Cracks when formed are quite difficult to repair. Several plant. s are now 
testing these tanks, but a long period of trial will be necessary before deciding whether 
this is the tank to be u.s(*d. 

The size of tank required depends on the number and size of the electrodes and 
the spacing between elec^trodes — 4-in. spacing from center to center of anodes is about 
the maximum. Some space must be provided below the lower edge of the ehictrodes 
for settlement of the manganese dioxide sludge depositijd at the anode. The space 
between the electrodes and the tank sides must be large enough to avoid striking the 
tank lining when the electrodes are removed. Overflow spouts of lead, rubber, etc., 
fastened cither to the tank or to the tank lining at the lower end of ea(di tank, arc 
used to remove the spent electrolyte. No provision is made for draining the tanks 
from the bottom ; it has been found cheaper and more satisfactory to empty the tanks 
for cleaning with a pump. 

Electrodes. — Rolled aluminum sheets, H 2 Hq in. thick and of the highest 
purity, are used for cathodes. Copper support bars are riveted to the aluminum 
sheet; or copper inserts are cast into an aluminum header, which is then welded to the 
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sheet. Aluminum bars riveted to the sheets have been substituted for copper bars, 
but as electrical contact between aluminum and aluminum is not particularly good, 
excessive heating resulted. Sheets thicker than % 6 in. have been tried, but the added 
weight is an objectionable feature in removing plates for stripping. Wood, rubber, or 
rubber-lined aluminum strips are usually placed on the vertical (‘dges of the sheets to 
prevent zinc building up around the edges. This serves the double purpose of 
eliminating the sharp edges where ^Hrees” might form during the electrolysis and of 
increasing the ease of stripping. At llisdon, no strips are used; grooves arc^ cut in the 
sheets along each edge to weaken the zinc deposit at these points so that the zinc can 
be more easily removed. 



The life of an aluminum cathode varies from 1 to 5 years, depending on the thick- 
ness of the sheet and the precautions taken to prevent corrosion. Most of the cor- 
rosion takes place just below the support bars. At the solution line, corrosion is 
c onsiderably less, and below the solution line it is practically negligible. The life 
‘f the cathode can be gn^atly lengthened by using a sheet with a thicker cross section 
't the point of corrosion, or by riveting protecting plates of aluminum to the portion 
the sheet above? the solution line. The increased cost of fabrication and the high 
iilue of aluminum scrap have prevented the general adoption of the thickened ca+hode. 

* he use of a paiiit or varnish that would stand up under chemical corrosion and 
^ mechanical wear would greatly prolong the life of the aluminum cathodes. Such a 
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paint or varnish has long been sought, but to date none of the many tested have 
proved commercially successful. 

The anodes used in the zinc cell are of sheet load H fo ?8 in. in thickness. Solid 
sheets are generally used, but perforated sheets are claimed to have some advantages. 
Where extremely close spacing of electrodes is practiced, some form of guide must be 
used to maintain this close spacing; and, be(;ause the circulation of solution is reduced 
by the guides, perforated anodes arc almost a necessity, 'i'hc anode sheets are usually 
cast, but rolled sheets may also be used. The anodes are generally cast around a 
copper header bar, leaving one end of the copper bar exposed to make contact with 
the tank bus bar. 

Chemically pure lead, or an alloy of lead with silver, is used for the anode material. 
Other alloying elements, such as cadmium, calcium, and arsenic, have been tested, 
but no element has been found to be as satisfactory as silver in preventing corrosion 
of the anode. C/opper tends to build up in the lead when old anodes are melted and 
recast; it seems to have little effect on the anode in amounts up to 0.2 per (‘ent. 

The anode is the main source of lead in the cathode zinc, but the amount of lead 
plated out with the zinc is normally but a small part of the lead corroded from the 
anode. Most of the corroded lead remains as iead-rnangan(*se scab? on the anode or 
settles to the bottom of the cell as a sludge. Both scale and sludgti must he removed 
at regular intervals if the ampere efficiency of the ctdl is to lx* maintained, and if the 
lead in the cathode zinc is to be kept at a low lev(*l. 

The length of time that an anode is used depends not only on the amount of 
corrosion of the l(?ad, but also on the influence of the anode on the character and 
efficiency of zinc deposition. After a certain period of time, dcp('nding on local con- 
ditions, there is a gradual decrease? in current efficiency and an increase in the amoiint 
of lead in the cathode zinc over that obtained with new anodes. When the optimum 
life of an anode has been passed, the anode is removed from th(? cell, melted, and recast. 
Some lead is lost during the melting as lead dross and must be replaced with n(‘w l(?ad. 

The size of the electrodes and the number used per c(*ll d(jpend on tlx? capacity 
of the plant, the current density used, and other local conditions. Larger eh'ctnxles 
are required if the bus bars arc carried on the edges of the tanks than if the bus bars 
are supported independently. This is due to the greater distance bedween the solu- 
tion level and the electrode support bars. Spacing between electrodes in the cells 
varies from Js in., as at Kellogg, to a niaxinmm of about 2 in. 'Fhe electrodes must 
hang absolutely true to avoid short circuits and to ensure even distribution of current. 
Some sort of guide must be used, and the period of deposition must be shortened, 
when close spacing of electrodes is practiced. 

The edges of the cathodes present sharp surfaces that tend to become points of 
higher current density than the rest of the surface. This effect is conducive to the 
formation of trees. Anode sheets are usually made smaller thaja cathode sheets to 
reduce this effect. The use of strips on the vertical edgf?s of the anodes helps to reduce 
the formation of trees” and prevents undue warping of the anodes. 

Bus Bars and Tank Bars. — ('opper, either rolled or cast, is universally used for 
bus bars. C^ast bars are usually cheaper than rolled, esp(?cially if odd shapes are 
required. The usual method of determining the size of bar required is to allow 1 sq. in. 
of cross-sectional area for each 1000 amp. With large bars, however, this does not 
allow enough radiating surface to avoid overheating. If 8000 to 12,000 amp. is to 

^ The leadnsilver anode was originally worked out by U. C. Tainton, apparently largely from theory, 
and was a great factor in enabling him to produce four-9 and even five-9 zinc. The Tainton anode 
hae about 40 per cent of ita surface replaced by holes. For a description of the work on this anode, see 
Lead AUoys for Anodes in Electrolytic Production of Zinc of High I*urity, by U. C. Tainton, A. 0 
Taylor, and H, P. Ebrlinger, Trans. A.LM.E.^ February meeting, 1929. — EnrxoR. 
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be carried by the bar, the cross-sectional area allowed for each 1000 amp, should be 
at least 1.25 sq. in. Thus, cast-copper bus bars having a cross-sectional area of 
10 sq. in. are recommended for a circuit carrying 8000 amp. The several lengths of 
bus bars are joined with machined lap joints bolted together. These joints must be 
inspe(;ted from time to time and the bolts tightened to ensure perfect contact; this is 
especially important during periods in which there have been largp fluctuations in 
loads causing expansion or contraction. 

Tank bars are used to connect the cell electrodes in parallel with each other and 
in series with the next cell in line. The greatest load, therefore, is at the center of 



the bar, and the smallest load is at either end. From the standpoint of first cost and 
working conditions, a bar larger in the center and tapering toward the end is the best. 
Then, at the point of connection to the main bus-bar line, the anode tank bar has the 
same area as the bar line, b\it, as the current is distributed to the individual anodes, 
the area decreases to a theoretical zero cross section at the end of the tank. The 
<’athode bar starts at zero cross section and gradually increases in area as the load 
increases until it reaches the full area of the bar line and, passing to the next tank, 
becomes the anode bar and again gradually decreases to zero area. By using tapered 
and placing the bars on only one side of the tank, all bars in each group of tanks 
111 solution series can be double bars. This system enables both the anode and the 
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cathode tank bars to be placed on the working side of the tank where they may be 
kept polished without leaning over the tank. The insulated ends of both the anode 
and cathode supports arc in this case on the opposite side of the tank from the contact 
ends. The total amount of copper required on the tank with this system is only a 
little more than two-thirds of that required when using a common ccmter bar, and 
about one-half that required if single bars are placed on each side of the tank. 

Tank bars may be supported on the top edge of the tank, on the side of the tank, 
or by separate supports. When carried on the top edge of the tank, they are usually 
placed with the flat side resting on the supporting surface. When carried on the 
side of the tank, the normal practice is to place the bars on edge. In either case, the 


Per Ccn+ Acidl in Electroly+e 



Fig. 10. — Cell resistances, 2-in. electrode spacing at 35°C. 


outer bar is slightly higher than the inner so that contact can be made with the cathode 
or anode support bars without interference with eacli other. Separate support bars 
can be arranged in any manner to suit local id(^as or conditions. The advantages of 
carrying the tank bars on the sides of the tanks are: a greater percentage of the elec- 
trode surfaces is rendered effective through reducing the space between the electrode 
supports and the solution level ; contacts and tank-bar insulation are placed entirely 
outside the tank, simplifying the problem of keeping contacts clean and insulation 
dry; a smaller amount of acid mist or vapor comes in contact with the tank bar, reduc- 
ing corrosion; a greater circulation of air around the bars is obtained, aiding cooling; 
and the copper sulphate formed by corrosion of the tank bars can be washed off without 
falling into the electrolyzing cell. The main disadvantage of the system is the neces- 
sity of supplying greater aisle space. 
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Insulation. — Tanks are insulated from their foundations by glass blocks or por- 
celain insulators between the tank supports and foundations. Wetting of the.se 
insulators by solution leaks can be prevented by covering them with sheet-lead caps. 
The electrode-support bars and tank bars are insulated from the tanks by wood strips 
and blocks impregnated with tar, oil, or other waterproofing material. Bus-bar 
lines are supported on glass or porcelain insulators or are suspended by some type of 
strain insulators from the tank-floor supports. Solution and water lines are insulated 
by the insertion of rubber-hose connections in the lines, and by supporting the lines on 
wood or tile blocks. All insulation must be of nonabsorbeiit materials to avoid wetting 
by condensation of water vapor from evaporation in the cells, and from the mist carried 
by gas from the cells. 

Arrangement of Cells. — As many cells are placed in series, el(*ctrically, as the 
power equipment will permit-. The maximum voltage limit of the direct-current 



0(iuipment divided by 3.75 is a safe figure to use in determining the number of cells 
to be c<^iincK*ted to <me power unit. The aV>solute maximum load should not be 
attempted as some leeway is dt^sirable from an operating standpoint. Some of the 
earlu^r plants were designed for a maximum of 4 volts per e-cll, but this figure has been 
found to be too conservative. 

As many cells may be placed in series or cascade, as regards solution flow, as ie 
desired. Six to nine cells in solution series is the usual number. Working condition? 
and economy are the determining factors. The grouping at Groat Falls and Risdon 
in cascades of six cells. Twelve cells are placed side by side, as closely as safe 
insulation will permit, in a double row or cascade. This arrangement saves space 
as the working aisles arc between each double row. Tank bars are placed on the 
"iidcs of the tanks next to the aisles, leaving the inside tank edges for the insulated 
nds of electrode support bars. This arrangement is shown in Fig. 8. At Trail, 
he tanks are placed in a series of nine to a cascade. The two tanks side by side in 
' ^^ich double cascade arc constructed as a single unit with a common center wall. 
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By placing more cells in a cascade, less floor space and less copper are required ; 
but the cathodes must be transported further for stripping, and more operating labor 
is necessary. It is customary, when tanks are to be cleaned, to cut a double cascade 
out of the electrical circuit at one time. Therefore, with the same number of cells 
per xmit, the greater the number of tanks per cascade and the greater the proportion 
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of a unit cut out for cleaning. Any accidents, such as the breaking of a solution 
feed line over a tank or a leak in the roof of the building, which might wash impurities 
into a cell and contaminate the following cells in a cascade, are less serious if only a 
few cells are in series. 

Solution System. — Solution to be fed to the electrolyzing cells is usually pumped 
into storage tanks placed at sufficient elevation to give a gravity flow from the storage 
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to the cells. Iron pipes may be used to conduct this solution to the cells as it is 
neutral in reaction and free from copper. Lead lines with flanged joints are preferable 
to iron, however, as some basic zinc sulphate and calcium sulphate are precipitated 
from the solution as cooling progresses, and build up in iron pipe more quickly than 
in lead. Also, there is always more or less danger of external corrosion of iron lines 
through occasional leaks of acid solution and by the condensation of acid mist from 
the cells. The feed lines are usually carried under the floor along the upper cells of 
the cascades, and a riser tapped in for each double cascade. A pipe line extending the 
full length of the cascade is connected to the riser, and each cell of the double cas- 
cade can be fed through branches equipped with valves to regulate the flow to each. 
Wood launders over the cells are used as header lines to carry the solution to the 
cells at the Magdeburg plant. The individual cells in this system are fed by means 
of rubber siphon hoses from the launder to the cells. The problem of regulating 
the flow in the launder to prevent spills and the extra space above the cells taken up 
by the launders prevent this system from being easily adaptable to the usual arrange- 
ment of electrolyzing colls. 

At Great Falls, solution is fed into the head cell of each cascade at a rate that will 
maintain the acid strength in that cell at slightly less than the discharge from the last 
cell of the cascade. The first cell discharges into the head end of the second cell, the 
second into the third, and so on down the cascade. The last cell discharges into a 
launder that carries the spent ele(‘,trolyte to storage tanks for the leaching plant. 
Neutral solution is fed into each cell but the last in sufficient quantity to maintain 
practically constant acidity throughout the cells, excrept the last, in a cascade. The 
last cell brings the acidity up to the desired strength or, from another viewpoint, 
depletes the zinc content to the desired point, thereby acting as a control cell. The 
acid content of each cell is determined at regular intervals and the feed to each cell 
so regulated as to give the desired acidity. By maintaining practically constant 
acidity in each cell, the voltage required is kept at a minimum. It is unnecessary to 
mix any acid with the neutral leod solution in order to keep the acidity of the upjjfer 
cells up to the average. Each c(dl generates its own acid requirements and receives 
its own portion of feed, except that the lowest cell in each cascade usually receives 
only the discharge from the cells above it. 

The rate of flow increases fronj the first to the last cell, the volume being cumula- 
tive; but no improvement in efficiency of the cells having the higher rate of flow has 
been noticed. No baffling arrangement is necessary to maintain an even distribution 
of solution in the cell as the gas evolution at the anode is sufFunent to supply the 
necessary circulation. As the current density increases, the rate of zinc deposition 
increases, with an increased evolution of oxygen at the anode, and the gas evolved 
increases the rate of circulation proportionately to the requirement of fresh solution 
at the electrodes. 

Cooling. — The electrolytic-zinc cell operates best at a temperature of between 
35 to 46°C. A large proportion of the power delivered to the electrolytic-zinc cell 
is dissipated as heat, and the amount of heat dissipated increases with an increase in 
current density. Some heat is carried out by the spent electrolyte and some is 
radiated, but at the current density usually employed in practice, it is necessary to 
supply some additional cooling. This is usually done by passing water through coils 
placed in the cells. A current density of 30 amp. per sq. ft. or over requires at least 
50 ft. of 1-in. cooling coil for each cell. The amount of cooling water passed through 
'he coils depends on the temperature of the water and the efficiency of heat transfer 
in addition to the other cell conditions of current density, acidity, electrode spacing, 
"tc. In any case the amount of cooling water needed is quite large and will vary from 
0 to 8 gal. per min. for each ton of zinc produced per 24 hr. 
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Cooling coils are commonly made of lead, as most other materials that have been 
tried are not satisfactory cither in their ease of construction, resistance to corrosion, 
physical strength, or ability to transfer heat efficiently. Two to four coils are used 
in the ends of each cell. Lead pipe of approximately 1 in. in diameter is usually used. 
The cooling water is not usually passed through a single coil, but two or three coils 
are placed in scries in order to obtain the greatest possible amount of cooling from 
the water. The cooling water supply is carried in mains, which may be of iron pipe, 
but the connections between the main and the lead coils are made with short lengths 
of rub})er hose which act as insulators. The a<*>tual amount of fresh water necessary 
for cooling purposes can be reduced by using a closed system and by passing the 
heated water through spray chambers. In this case the only additional water neces« 
sary is that needed to replace the amount lost by evaporation. 

Stripping Equipment. — All methods of stripping the zinc deposit from the cathode 
— ^from removing one plate at a time to removing all the plates in a cell at one time — 
have been tried. The removal of one plate at a time is too slow and expensive, and 
removing a full tank at a time means a large loss of production and danger in “short- 
ing*’ the tank before removing the plates. In addition to this, when all the plates 
are removed at once, some power-driven lifting device is necessary. If many plates 
are removed simultaneously, the current density on the remaining plates is greatly 
increased. If only one-third of the total plates are removed from the cell, the rc'inain- 
ing plates are able to carry the current for the length of time necessary to strip the zim^. 

At Great Falls the cathode sheets are lifted with hand-op(irated chain blocks 
running on 1 besams placed over the center line of each cascade. Nine sheets are lifted 
at a time, using a special rack. This lifting rack has sawtooth sides, and th(! teeth 
in the sides are spaced to correspond wdth the cathode spacing. I'he rack in use is 
placed on the cathode bars, and, as the load is raised, the spaces between the teeth 
on the rack engage lugs riveted to the cathode support bars. At the lower end of each 
cascade is placed a stand having nine pieces of 3-in. channel iron, the centers of w'hich 
ai% spaced the same as the cathode spacing. A lengthwise slot is cut in the center of 
each channel iron into which a cathode sheet can be slipped and held upright. One 
end of each channel iron is bolted loosely to a supporting stand in such a manner that 
it can be moved in a horizontal plane. The load of cathodes is brought to this stand 
and the cathodes slipped into the slots in the channel irons. The load is lowered 
until the cathode support bars rest on the (ffiannel irons and the lifting rack is dis- 
engaged from the lugs. The outside sheet of zinc is removed from the first cathode; 
then the channel supporting that cathode is sw^ung to one side, and the inside sheet 
of zinc removed from the same cathode. The adjacent side of the second cathode is 
exposed when the first is swung over. This second cathode is stripped on one side 
and then swung over and stripped on the other side. After all nine cathodes have been 
stripped ir» this manner, they are swung back into their original position and lifted 
with the lifting rack. The cathodes are returned to the cell from which they came, 
being held correctly spaced in the lifting rack. 

A heavy knife is used for stripping the zinc deposit from the cathode. The deposit 
is struck a sharp blow at one corner with the edge of the knife to loosen it slightly 
from the surface of the aluminum cathode. The point of the knife is slipped under 
the loosened corner and twisted to break loose the deposit. If the zinc deposit 
adheres tightly to the cathode, a wooden mallet is sometimes used to aid the knife in 
breaking it loose. The zinc sheets, as stripped, are placed on small narrow-gauge 
cars. These cars are used to transport th() cathodes to the melting furnaces. 

Operation of the Cells. — Starting with clean cells, new electrodes, and neutral 
solution, the resistance of the zinc cells is so great that little current flows for several 
hours after power is put on the circuit. The addition of some pure acid, such as spent 
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electrolyte, immediately increases the flow of current by reducing the resistance. If 
no acid is available, the flow of current is permitted to increase as rapidly as decreased 
resistance, through the formation of acid, will permit. Some resistance may be 
removed by “shorting^' one or two groups of cells in the unit until some current is 
flowing. It is customary, when starting up a unit from whic^h the acjid solution has 
been drained, to add some spent electrolyte to it from other units already operating. 
This shortens materially the time necessary to g(»t the unit into normal production. 

Starting with neutral solution, the zinc deposited in the first 24 or 48 hr. will be 
rather spongy. This condition is due to the low acidity of the cells; and the zinc 
deposit should be stripped as soon as it is thick enough to break loose from the alumi- 
num blank. As soon as the deposited zinc begins to show a bright surface, the period 
of deposition can be increased to the normal length of time. When the acid strength 
gets up to 2 or 3 per cent, a small flow of neutral solution is started in the upper cells 
of the casi^ade and is gradually extended to the lower cells as the acidity increases, 
so that the solution in none of the cells becomes too low in zinc content. Acid strength 
is usually not allowed to get above about two-thirds normal until the full period of 
deposition is started. Full current density is generally not permitted until the 
deposited zinc has been stripped once or twice. 

The amount of zinc stripped per man-day varies with the period of deposition and 
with the location of the plant. At Great Falls, using a 24-hr. period of deposition, 
each man cares for and strips the zinc from 12 cells. This is approximately 4 tons of 
zinc. At Trail, (iach man strips between 5 and 6 tons of zinc per day; and at Risdon, 
using a 72-hr. deposition periotl, each man strips between 8 and 9 tons of zinc per day. 

C'ontrol of acidity is very important in the operation of the cells. Frequent tests 
of the acidity are necessary. These tests can be made by titration with standard 
sodium carbonate solution, by use of a hydrometer, or with an electrical-measuring 
device. 

The electrolyzing cells must be periodically cleaned for several reasons. Many 
ores contain sohibh? manganese, and some manganese is used to oxidize iron in the 
neutral leach and is dissolved in the solution. Part of the manganese in the electrolyte 
is precipitatcnl at the anode as manganese dioxide. Some of the precipitated MnOa 
adheres to the anode as a flaky covering, and the remainder set tles to the bottom of the 
cell as a sludge. When the manganese dioxide in the cell exceeds a certain amount, 
depending upon the operating conditions of the cell, it must be removed. The insula- 
tion on top of the cells gradually becomes impregnated with solution and must be 
periodically renewed. The tank bars become covered with copper and zinc sulphates 
and must be cl(*aned at regular intervals. A double cascade^ of cells is usually cleaned 
at one time. The double cascade is cut out of the electrical circuit, the electrodes are 
removed, the solution is pumped out, and the manganese sludge is removed. The 
insulation is renewed, the tank bars are cleaned and replaced, the electrodes are 
cleaned, straightened, and replaced, and the cells are refilled with acid and solution. 
The double cascade is then put back into the electrical cir(*uit. If a spare cascade 
is available, the cleaning cycle can be carried out in a systematic manner without loss 
of zinc production during the shutdown period. 

Care of Workmen. — Rubber shoes should be supplied to insulate the men working 
in the electrolyzing room. Besides affording the worker protection from becoming 
“grounded'' between the main circuit and the floor, the shoes also save him from a 
considerable amount of annoyance from stray currents which, although usually 
luirmless, are always likely to be present. The acid solutions encountered in the 
'lectrolyzing room are very hard on garments made of cotton or mixed wool and 
cotton. The workmen in the cell room arc usually given a clothes allowance or 
•'^urnished clothing made of pure unw^ashed wool. Great care must be given the hands 
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of men coming in contact with acid zinc sulphate solution, otherwise cracks and sores, 
especially around the fingernails, will result. Rubber, or rubberized canvas, gloves 
are often used by the workmen. The spray rising from the electrolyzing cells is largely 
oxygen, but each bubble of gas is surrounded by a film of acid solution which is very 
corrosive to the nasal passages. Several thicknesses of sterilized cotton gauze placed 
over the nose and mouth will (effectively filteer out this spray. Each man should be 
furnished with fresh gauze every working day. No occupational disease has resulted 
from this work, nor has any extra trouble been experienced in obtaining men for this 
work. 

A frothing-agent is added to the colls at Kellogg to prevent the formation of spray. 
This agent is very effective when used in a solution of small volume and high zinc 
content, but it is not satisfactory in a low-acid system. 

Voltage. — The thcH^n^tical decomposition voltage of zinc sulphate solution is 
approximately 2.35 volts, but the best operating conditions roquin^ 3.25 to 3.50 volts, 
depending on current density, temperature, acidity, spacing of electrodes, and the 
period of deposition. With constant acidity, temperature, etc., the voltage increases 
rapidly with increased current density, as shown by Fig. 12. Resistance of solution 
is decreased by increasing acidity; this effect is quite marked up to 10 per cent H2SO4, 
but proceeds more slowly above 10 per cent H2SO4. With 30 amp. per sq. ft. curnmt 
density, and wdth an acidity of 5 per cent H2SO4, the voltage required is about 4.0 volts 
per cell at a temperatun^ of 35°C^ An increase in the acidity to 12 per cent, with all 
other conditions the same as h('for(}, reduces the voltage to 3.4 volts. If the tempera- 
ture and the acidity are both increased, the decrease in voltage is even greater. High 
temperatures are not desirable in the electrolyzing cells from the standpoint of the 
increased effect of impurities on ampe^re efficiency. A high temperature is, however, 
advantageous in nulucing the power cost of electrolyzing a solution low enough in 
impurities so that a good ampere efficiency can be obtained. In other words, it pays 
to supply the cells with a solution of sufficient purity so that a reasonably high tem- 
perature and acidity can be maintained. At Great Falls, a temperature of over 
50°C. has been maintained for several weeks at a time with a current density of 30 
amp per sq. ft. During these periods an ampere efficiency of 90 per cent was obtained 
when a deposition interval of 24 hr, was used. 

The spacing between anodes and <;athodes affects the voltage required for elec- 
trolysis, but cannot be safely reduced much below 2 in. without the use of special 
equipment to hold the electrodes in place. F^lectrodes have a tendency to w^arp 
during continued use with serious results if close spacing is used. Also they may not 
hang absolutely true, because of unevenness in the surface of the contacts between 
the support and tank bars, unless special guides are used. 

Ampere Efficiency. — The ampere efficiency of electrolysis is calculated by dividing 
the actual yield of metal by the amount that theoretically should have been obtained 
from the current used. This result multiplied by 100 gives the percentage ampere 
efficiency of the process. One ampere-hour should theoretically deposit 1.219 g. of 
zinc from a solution. In actual practice, however, it is very seldom that an ampere 
efficiency of over 95 per cent of the theoretical is ever obtained for any length of time. 
At a current density of 30 to 40 amp. per sq. ft., an ampere efficiency of 92 to 94 per 
cent is considered good work. The factors that influence ampere efficiency in the 
operation of the zinc cell are the purity of the solution, the t(*mperaturc of the cell, 
the effectiveness of addition agents, the period of deposition, and the ratio of zinc 
to acid in the solution. 

' ’ Some harmful impurities can be present in much larger amounts than others 
without seriously affecting ampere efficiency. A great deal of work has been done to 
determine the effect of single impurities and to set safe limits for the amounts that 
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can be present in the solution without loss in current efficiency. The effect of any 
impurity, and the amount that can be tolerated, is strongly influenced by the other 
conditions that may be present during electrolysis. For this reason, the results of 
different experimenters do not always agree, but some fairly accurate averages have 
been obtained for the common impurities. The combined effect of two or more impuri- 
ties, each present in an amount less than the safe limit for that impurity, is a much 
more involved problem than that concerned with the effect of single impurities. The 

lOOr- 


80 

80 


20 Amperes per Square Foof 


^ 8m /L Acid 20 40 80 80 100 

*.Zn8G.8 73.5 80.2 48.6 23.5 



100 

80 


c 

V 

u 

o 80 
Cu 

^40 

o 

C 


R LAcid20 


30 Amperes per Square Foof 

r ' ' 


«2n94.4 


40 

81.0 


80 

87.1 


80 

54.4 


100 

41.0 




jtfrs^ 


120 

27.7 


140 

14.4 




Fio. 13. — Effect of time of deposition and ratio of sine to acid on ampere efficiency. 


effects of some impurities, even in minute amounts, are greatly aggravated by the 
presence of certain other impurities. The enormous number of impurity combina- 
» ions possible, when coupled with the many variations of operating conditions encoun- 
<ered in the process, prevents any easy solution of the problem. It may be that in 
‘ he future some general rule relating to the problem can be evolved; but at the present 
time the information pertaining to the effect of impurity combinations deals only wdth 
ertain specific conditions occurring in individual plants, and not generally applicable 
the process. 
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The temperature at which the zinc cell operates is an important factor affecting 
ampere efficiency. The detrimental action of impurities is increased greatly, and the 
hydrogen overvoltage on zinc is lowered, by a rise in temperature. The optimum 
temperature for a zinc cell operating between 30 to 40 amp. per sq. ft. is usually to be 
found between 35 to 45®C). The operating costs required to cool the solution below 
35®C. are usually more than the saving in ampere efficiency, while above 45°C. a good 
ampere efficiency can be obtained only when the solution to be electrolyzed is excep- 
tionally free from impurities. 

The period of deposition affects ampere efficiency; as the period of deposition 
increases, the effect of any impurity becomes more pronounced. With absolutely 
pure solution, high ampere efficiency can be obtained with 48-, 72-, 9f>-hr. or even 
longer periods of deposition. In plant operation it is frequently found advisable to\ 
decrease the period to 24 hr. or less. At Kellogg, using high current density, the\ 
period is 8 to 12 hr. Risdon, on the other hand, commonly operates with a deposition ' 
period of 72 hr., without any great loss in current efficiency. Most other plants use 
either a 24- or 48-hr. period. The length of time that zinc (^an be efficiently deposited 
is influenced by other cell conditions such as temperature, current density, acidity, 
and the effectiveness of addition agents. The most efficient period for each individual 
plant must be determined by balancing the extra labor cost for more frequent stripping 
against the power saved through improvements in ampere (efficiency. 

The ratio of zinc to acid in the solution necessary to maintain maximum ampere 
efficiency varies with all the oth(^r cell conditions. The usual practice is to deposit 
from solution about two-thirds of the zinc content of the neutral solution, and to 
return the other one-third to the leaching plant. If the amount d('posited greatly 
exceeds this ratio, some loss in ampere efficiency will result. A cell in which the solu- 
tion becomes greatly depleted in zinc has a tcmdency to (evolve hydrogen. This 
condition can also be reached if the circulation of solution within the c(dl is not suffi- 
cient continually to supply all parts of the cell with an adequate amount of zinc ions. 
An excessive amount of circulation, however, is not desirable as it aids the rate of 
corrosion by increasing the amount of acid brought into contact with the doposit(^d 
zinc. Here, as in the other operating conditions, the best rate of circulation must be 
determined experimentally. 

Addition agents such as glue, goulac, and metal salts arc often used to aid ampere 
efficiency and to improve the physical character of the zinc deposit. CUue is the 
most commonly used addition agent, hut its use is bc^coming less as improvc'd methods 
of purifying the solution are developed. It is not good practice to rely on the use of 
addition agents if it is possible properly to purify the solution to b(i electrolyzed. 
The addition of one impurity in order to inhibit the action of another is more in the 
nature of an evasion than a njal solution to the problem. On the other hand, elec- 
trolytic-zinc plants must be operated at a profit, and any method jp obtain the desired 
results should be employed until a better has been developed. Nearly all plants use 
some sort of addition agent at the present time. The presence of an unusual amount 
of cobalt in the electrolyte at Risdon, Tasmania, has made good ampere efficiency 
economically impossible without the use of addition agents. A combination of glue, 
beta-naphthol, and antimony is added to the electrolyte at Risdon, and ampere 
efficiencies of 92 to 94 per cent are obtained over a 72-hr. deposition period. 

Another important factor that must be taken into consideration is the influence 
of workmen on ampere efficiency. Good workmen, conscientious in their care of the 
electrolyzing cells for which they are responsible, can consistently get higher efficiencies 
on their cells than can workmen who arc somewhat carebss. In some plants a bonus 
is paid to the workmen who, by careful attention to detail, are responsible for the 
production of more than a certain specified amount of metal. 
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Effect of Impurities. — The effects of single impurities on zinc electrolysis may be 
determined experimentally if certain necessary precautions are taken. In order to 
be certain of th(^ results obtained, it is necessary to start with an absolutely pure 
solution of zint! sulphate; otherwise the result will be a combined effect of the added 
impurity along with those already present. A zinc sulphate solution prepared from 
thc^ so-called c. p. zinc salts is not satisfactory for this work without further purifica- 
tion. The diflieulty in applying any set of data on the effect of single impurities to 
actual plant operation is that a plant solution containing only one impurity is never 
obtained. Also, the ('xperirnental data are obtained with certain specified cell con- 
ditions which if varied cause a change in the effect of the impurity. These specified 
cell conditions arii diflicult to maintain with commercial operations on a large scale. 
I'he experimental data obtained have, however, been of great value as a basis from 
wdiich to guide purification practice and as an aid to the recognition of the most 
injurious imp\irities. The experimental data have also enabled the operators to 
determine tlui presence of some impurities from the appearance of the zinc deposit 
without waiting for a complete analysis of solution. 

The impurities encountered in the electrolysis of zinc may be classified, according 
to their general effects on the cell, as cathodic impurities, anodic impurities, and 
beneficial imparities. 

C-athodic impurities have the greatest effects upon the efficiency of zinc deposition, 
and their elimination or control is one of the major problems in electrolysis. When 
a metallic salt is pn'sent in an acid solution and an electric current is passed through 
the solution, (‘ither th(‘- metal can be deposited or hydrogen can be evolved. When 
the de(5om position voltage of the nuitallic salt present is above that of w^ater, hydrogen 
is usually evolv(‘d. "Hiis is not true in the case of zinc., lead, or cadmium, however, 
owing to the high hydrogen overvoltage on these metals. In the case of zinc, the 
decomposition voltage of zinc sulphate is 2 . 35 , and that of sulphuric acid on a zinc 
surface is 2 . 4 . Therefore, zinc will be deposited at the cathode in preference to 
hydrogcui unless, owing to the presence of certain impurities, the hydrogen overvoltage 
on zinc is lower(*d Ixdow the d<^com position voltage of sulphuric ac.id. If any impurity, 
which low(*rK the hydrogen overvoltage on zinc to the point where hydrogen can be 
evolved, comes into contact with a zinc surface during electrolysis, hydrogen will be 
evolved on the surface of the impurity and zinc will be dissolved. The cathodic 
impurities can be further classified according to their effects on electrolysis. The 
first group includes those metals whose sulphates decompose at a higher voltage than 
zinc sulphate. The common (‘Icments of this group are aluminum, sodium, potassium, 
magnesmm, and manganese. They have no effect on electrolysis so far as reactions 
at the cathode are concerned. The second group includes those metals whose hydro- 
gen overvoltage is high enough not to cause the re-solution of zinc, but whose decom- 
position voltage is less than that of zinc. The common elements of this group are 
lead and cadmium. These have no detrimental effect on the efficiency of zinc decom- 
position; in some cases they may even be beneficial. They do, however, deposit 
with the zinc and cause an impure product. The third group includes those metals 
whose hydrogen overvoltage is below that of zinc but whose decomposition voltage 
is above that of sulphuric acid. The common elements of this group are iron, nickel, 
and cobalt. These metals are injurious to electrolysis, but do not ordinarily con- 
taminate the deposited zinc. They are soluble in acid and consume power by being 
alternately deposited on the zinc surface and redissolved in the acid electrolyte. They 
are particularly detrimental to electrolysis when present in combination with certain 
*‘ther impurities. The fourth group includes those metals of which the sulphate 
< lecornpositiori voltage is below that of sulphuric acid and the hydrogen overvoltage 
*s low enough to cause re-solution of zinc. Copper, arsenic, germanium, and antimony 
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belong to this group. They are deposited with the ainc and form points of low 
hydrogen overvoltage where hydrogen is evolved at the expense of the zinc. This 
group is the most injurious of all impurities. The commonly met cathodic impurities 
can all be classified in these four groups when present as single impurities ; but com- 
binations of two or more impurities, especially if from different groups, cannot be so 
easily classified. 

The anodic impurities include all the anions except those of sulphuric acid. The 
common ions of this group are manganate, permanganate, chlorides, chlorate, per- 
chlorate, and fluoride. Their effect on electrolysis is not so violent as that of the 
metallic impurities, but they very often have a distinct bearing on the amount of 
corrosion occurring in the zinc cell. Some of them increase corrosion, and some aidj 
in preventing it. Those anions which increase corrosion of the load anodes cause an 
increase in the amount of lead dc'posited with the zinc. Those ions which increascj 
corrosion of the aluminum catliode cause the deposited zinc to cling tightly to the 
sheet. This is commonly known as ** sticking, and can become so intense that the 
zinc deposit can be removed only by dissolving in acid. 

The beneficial impurities include all those used as addition agents. While these 
impurities may not be beneficial when used in an absolutely pure zinc sulphate solu- 
tion, they are often used to prevent the more detrimental effects of certain other 
impurities. Some addition agents are beneficial in causing a smoother, harder deposit 
of zinc. Glue is an example of an impurity of this type. Manganese; in th(‘ el(;ctrolyte 
accumulates on the anode in the form of manganese dioxide and tends to protect the 
anode from corrosion. 

J. 'J\ Ellsworth, at Park City, Utah, obtained data on the effects of single impurities 
that are as accurate as any that have yet been published. The results of his work 
wore published in Volume 42 of the Tranaadiom of the American Electrochemical 
Society. Ellsworth prepared a solution of zinc .sulphate by burning zinc of high 
purity to form zinc oxide and dissolving this in pure sulphuric acid. This solution 
was then purified by agitation with zinc dust to remove the last tra(;e8 of copper and 
cadmium. Definite quantities of each impurity tested were added to separate por- 
tions of the solution, and each was electrolyzed under a standard set of conditions. 

ArUimony is one of the most injurious impurities encountered in electrolytic-zinc 
operations. Its effect is noticeable at high temperature and high acidity if present 
in only minute amounts. One part per million is apparent even at the normal cell 
conditions of low temperature and acidity. The zinc becomes spongy and dark in 
color; sprouts, small at the surface of the zinc and large at the end, form in large 
numbers; and ampere efficiency is much lower. The longer the period of deposition, 
the greater will be the effect of the impurity. The remedies applied are a more 
thorough purification in the neutral leach, a shortening of the period of deposition, 
and a lower cell temperature. At Risdon, however, a small ajiiount of antimony 
has been found beneficial when there is an unusual amount of cobalt in the electrolyte. 

AraeniCy when alone, is much less injurious than antimony. The presence of arsenic 
in solution, however, is a pretty sure indication that some antimony is also present. 
Arsenic and antimony are both removed by the same methods of purification, but 
arsenic is eliminated more easily than antimony. Therefore, antimony may be present 
in small amounts without any arsenic, but arsenic is rarely present without antimony 
unless an ore free of antimony is being treated. The first indications of the presence of 
arsenic in the zinc cell are pronounced cornigation of the surface of the zinc deposit 
and the absence of the usual luster on the deposit. This is soon followed by sprouting 
and by a serious loss in ampere efficiency. There is really no excuse for the presence 
of arsenic in the electrolyte if efficient methods of control are used in the neutral leach. 

Ccbalt will cause re-solution when present in amounts as low as 10 mg. per 1. unless 
special treatment is used. At Risdon, an addition agent consisting of glue, beta- 
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naphthol; and antimony is added to the solution in order to prevent the loss of current 
efficiency in the presence of larger amounts of cobalt than are usually encountered. 
Small amounts of cobalt can ordinarily be minimized in their effects by the use of glue 
alone. Cobalt is the most serious impurity commonly encountered in the process. 
While its detrimental effects are not so violent as a like amount of antimony, its 
removal is much more difficult. The pernicious influence of cobalt is much more 
marked when accompanied by germanium than when present alone. Small amounts 
of cobalt are eliminated by the regular methods of purification, but when present in 
large amounts it must be removed by special purification methods. Although cobalt 
lowers current efficiency, its presence in the electrolyte has a beneficial influence in 
lowering the amount of lead in the deposited zinc. 

Germanium when present in amounts as low as 1 part in 10 million may produce 
adverse effects on the zinc deposit. Although very injurious when present alone, it is 
especially detrimental when accompanied by certain other impurities. For example, 
germanium in amounts too low to be detected by ordinary analytical methods will 
show a decided effect on electrolysis when cobalt is also present in the solution. 
Germanium, when present in small amounts, is usually eliminated by the iron 
hydroxide purification in the neutral leach. Some germanium is also removed by the 
regular zinc-dust purification if sufficient copper and cadmium are present. When 
present in any appreciable amounts, however, adequate removal of germanium 
requires special methods of purification. 

Nickel has somewhat the same effect as cobalt. When alone, a concentration of 
0.0001 g. per 1. has no particular effect on ampere efficiency. Any amount above 
0.0005 g. per 1., however, is very injurious. Nickel causes the re-solution of the zinc 
deposit, and may also be found in the deposited metal. Nickel is not commonly 
found in appreciable amounts in zinc-plant solutions. When present, it can be 
removed with zinc dust if the solution is heated to a high temperature during the 
purification. 

Copper may be present up to about 10 mg. per 1. without much harm to ampere 
efficiency, and with a low’ acidity, the amount of copper may go even higher wdthout 
serious results. If the usual methods of removing cadmium from solution are carried 
out far enough to produce high-grade zinc, there should never be any great danger of 
copper entering the zinc cell from this source. If uncoated copper support bars and 
tank bars are used, the corrosion of copper by the acid mist and by drippings must be 
considered as a source of copper in the cell. A great deal of care should be taken not 
to wash or knock the copper sulphate formed in this manner into the cells. The 
amount of copper so introduced is normally too small to affect the zinc deposit 
materially; but occasional breaks in w’ater or solution lines, or leaks in the cell-room 
roof, may wash enough copper into a group of cells to cause violent re-solution in the 
cells affected. The quickest remedy for a condition of this sort is to run fresh solution 
hi to these cells in order to lower the acidity and to remove the fouled solution as soon 
as possible. The cathodes should also be removed and the deposited zinc stripped 
immediately to prevent it from going back into solution. 

Cadmium, when present in amounts not to exceed 0.5 g. per 1., does not lower 
mpere efficiency or injure the physical condition of the zinc deposit. In fact cadmium 
iu small amounts has been claimed to increase ampere efficiency. Cadmium must, 
however, be removed from the solution previous to electrolysis if grade A zinc is to 
i'o produced. The elimination of cadmium is usually accomplished by the regular 
ifjcthods of purification. 

Lead, like c^admium, is plated out with zinc during electrolysis. Lead sulphate is 
ju actically insolublein zinc sulphate solution, and only very minute amounts are ever 
h und in the solution fed to the cells. The greatest source of lead in the zinc cell ia 
f' om corrosion of the lead anodes or the lead tank lining of the cell. Any factor, then, 
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that will reduce the corrosion of lead in the coll will lower the amount of lead in the 
deposited zinc. A further discussifm of lead in cathode zinc will be found later under 
the heading Purity of Zinc Metal. 

Iron in amounts up to 0.02 to 0.04 g. per 1. has no noticeable effects on ampere 
efficiency. Above that amount, iron begins to cause trouble. P\‘rrous iron is oxidized 
at the anode to ferric iron, which in turn is reduced to ferrous iron at the cathode. 
This reaction takes power and in this way affects the ampere efficiency. Large 
amounts of iron, especially when • )ther impurities are present, may become detrimental 
to the character and grade of the zinc deposit. Th(‘ prescuice of iron in the el(i(!trolyte 
is usually an indication that the iron was incompletely precipitated in tlie neutral 
leach and serves as a warning that the impurities usually removed with iron may 
also be present. , 

Manganese is usually classed as a harmless impurity. It has no groat infliiencej 
on ampere efficiency unless present in amounts above 3 g. per 1. Large amounts of' 
manganese cause the zinc to form a rough spongy deposit with many beads and sprouts. 
Manganese is deposited at the anode during electrolysis. The reaction is partly an 
electrical deposition and partly a chemical precipitation. Manganese sulphate is 
partially oxidized at the anode to permanganic acid, which in turn slowly reacts with 
more manganes(^ sulphate to form hydratc^d Mn02- This reaction is practicall’ 
irreversible, and the precipitated mangan(»se dioxide remains in the c(ill. Part of the 
Mn02 adheres to the anode, and part falls to th(‘ bottom of the cc^ll as n sludge. The 
amount that adheres to the anode seems to be dependent on th<*, temperature and 
acidity of the electrolyte. The pr(‘sence of certain other impurities such as iron or 
cobalt also influences the deposition of Mn 02 on the anode, (hirrcnit density also 
seems to have some effect in this direction. Low acidity, low temperature, and low 
current density cause heavy anod(5 coatings. If the amount of precipitated Mn02 is so 
great that particles are occlud(‘d with the zinc deposit, these particles, being saturated 
with electrolyte, become individual cells. This ‘Tocal action^’ is detrimental because 
large holes are formed in the zinc deposit. 

Chlorine in amounts up to about 100 mg. per 1. does not materially affect ampere 
efficiency. It does, however, increase the corro.sion of h>*ad anod(?s. Chlorides are 
easily oxidized at the anode to perchloric acid. Trail reports that the amount of 
perchloric acid formed is dependent on the oxidation potential of the anode. New 
anodes, for this reason, produce more than old anodes. Excessive amounts of chlorine 
may also have an effect on the cathode and cause the zinc deposit to adhere tightly. 
If the concentrate treated carries silver, the chlorine content of the electrolyte will 
usually be insufficient to cause trouble. ' ' - * 

Fluorine has only recently been recognized as the chief cause of the zinc deposit 
'*sticking^^ to the cathode. Any impurity or condition that causes corrosion of the 
aluminum cathode also causes sticking. The usual method of counteracting sticking 
is by conditioning the cathode to prevent corrosion. Varioiis waxes, gums, and 
liquids have been used to produce a protective coating. The method used at Trail 
is to form a coating of aluminum sulphate on the cathode by a short “soaking’* period 
in spent electrolyte. Fluorine is normally eliminated by the roasting process. There 
is no known commercial method of effectively removing fluorine from zinc sulphat(‘ 
solutions. 

Nitrates j when present in the electrolyte, have much the same effect on the anodes 
m chlorides. Corrosion of lead is increased and the amount of lead deposited with 
idnc is larger when nitrates are present. 

Sodium, potassium, magnesium, aluminum, calcium, etc., when present in the nor- 
mal amounts, usually have no particular effect on ampere efficiency or on the physical 
character of the zinc deposit. Some of these elements are cumulative, however, an<i 
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if they build up to large amounts may become detrimental. At the Norway plant, 
for example, the concentrate contains so much magnesium that solution must be 
discarded at intervals in order to keep the magnesium content within satisfactory 
limits. 

Current Density. — Current density is the strength of the electrical current used 
per unit of cross sectional area of the electrolyte. In the electrolytic-zinc industry, 
it is commonly expressed as amperes per square foot at the cathode. A wide range of 
current density may be used if all other operating conditions are properly adjusted. 
After a careful investigation of all the factors entering into the problem, all the large- 
scale producers have decided that a current-density range of 30 to 40 anip. per sq. ft. 
of cathode surface is the most economical and satisfactory density for their particular 
applications. Going much above 30 amp. per sq. ft. requires special provision for the 
cooling of solution and higluir acidity to keep down abnormal power consumption. 
This higher acidity, in turn, requires a higher zinc content in the cell feed and is 
reflected in complications in the leaching system. If a current density much below 
30 amp. per sq. ft. is used, the first cost of plant is high and the zinc deposited is not 
so firm as when deposited with higher densities. Local conditions determine the most 
ec-onomi(^al current density for any particular installation. 

An incTcase in current density is always attended by an increase in the power 
input to the cells bec-austi of the higher voltage required. The amount of voltage 
increase net^essary will not be so grc'at if the resistance in the coll is reduced by the use 
of a higher a(‘i(lity and a closer spacing between the electrodes. When acidities above 
12 to 13 per cent are to be maintained, the zinc content of the electrolyte must be 
higher than the saturation point of zinc sulphate at ordinary temperatures. Higher 
temperatures than usual must then be maintained in both the leaching and ehictrolyz- 
ing sections of the plant. High temperatures are beneficial in the purification and 
filtration steps of the leaching plant, but are often harmful in the electrolyzing cells. 
Settlement in tin*, thickeners is hindered by an increase in density of the solution. 
Washing the residue after filtration is made more difficult by an increase in the zinc- 
content of the solution, and the probable loss of water-soluble zinc is greater. If the 
resistance of the solution is reduced by closer spatdng of the electrodes, the number of 
short (‘ircuits in the cell is likely to be increa.sed. This condition adds to the cost of 
inspection and stripping. The effects of increasing current density under varying 
cell conditions are shown by the charts in Figs. 10 to 13. If the current density is 
increased much beyond the usual low'-density practice, it might as well be raised to 
100 amp. per sq. ft. or higher. The usual cooling equipment of a low-density cell 
room is not capable of sufficiently cooling the solution when high density is used. 
Also, if a current density higher than normal is used, special heating arrangements 
must be made in the leaching plant in order to prevent zinc sulphate crytallizing out 
of the supersaturated solution necessary to maintain the high acidity required. 

Period of Deposition. — The period of deposition varies from the 8-hr. interval at 
Kellogg to the 72-hr. interval at Risdon. Shortening the period of deposition nearly 
always results in some increase in ampere efficiency, if all other conditions remain 
Ihe same. When some harmful impurity is present, or if the temperature of the 
cUjctrolyte is higher than normal, the effect of a variation in the deposition period is 
more pronounced than if the electrolyte is cool and of high purity. As the period of 
fh position is lengthened, the deposit gradually becomes rougher on the surface and 
t^'iids to spring away from the surface of the aluminum sheet. The deposition period 
b» be used is determined by balancing the benefits of increased ampere eflficiency 
iH!;ainst the increased amount of labor required for more frequent stripping. 

Purity of Cathode Zinc. — I'ht? purity of the zinc produced can be controlled partly 
i’’ V varying the cell conditions and partly by the amount of purification carried out 
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in the leaching plant. Purity of solution is the main factor influencing the purity of 
the metal. The impurity metals that deposit with zinc must be eliminated or con- 
trolled, The three impurities causing the most concern arc cadmium, lead, and 
copper. The cadmium content of the zinc deposit is altogether dependent on the 
efficiency of the purification process. Tlic lead content of cathode zinc is dependent 
both on the purity of solution and on cell conditions. The amount of copper in 
cathode zinc is almost entirely dependent on the amount of copper introduced into 
the cells by operating conditions. 

The presence of lead in the deposited zinc is due mainly to corrosion of the lead 
anode. Normal electrolyte, when electrolyzed with platinum anodes, produces a 
deposit containing approximately 0.0002 per cent lead from soluble lead salts in the 
solution. The same solution when electrolyzed in a cell using lead anodes gives a 
much higher lead in the deposited zinc. The lead content of the deposited zinc varies 
with the operating conditions in the cell and increases with the age of the anode. 

If the lead anode is enclosed in a diaphragm, the amount of lead in the cathode zinc is \ 
greatly lowered. Any impurity, either in the solution or alloyed with the lead, that \ 
decreases the corrosion of the lead anode also decreases the amount of lead in the 
deposited zinc. 

An ordinary lead anode consists of crystals of pure lead in a matrix of impure lead. 
This impure matiix is usually more soluble under the (conditions of ehxctrolysis than 
pure lead. As long as the crystals of lead are embedded in the anode, with a relatively 
small part of their surface exposed to the intense oxidizing conditions present at the 
anode, little lead peroxide is formed. When these crystals are set free, however, by 
solution of the matrix, they present a large surface to oxidation. Lead peroxide may 
either go into solution as lead persulphate and be deposited electrically, or it may be 
carried over to the cathode in the colloidal state and be occluded with the zinc deposit. 
When the anode is new, it takes some time before the matrix surrounding the crystals 
of lead is dissolved. During this period only a relatively small surface is presented for 
oxidation and the cathode zinc contains but little lead. If the anodes are replaced 
frequently, the quality of the zinc produced is improved. Any metal which, when 
alloyed with lead, tends to increase the resistance of the matrix to corrosion will 
lengthen the period during which the use of new anodes will produce a low-lead con- 
tent in the cathode zinc. All the binary alloys of lead with the common metals have 
been investigated. A great many alloys containing two or more metals in addition 
to lead have also been tried. 

The precipitation of manganese as a scale on the anode is often regarded as an aid 
in lowering the lead in cathode zinc. The formation of some scale is probably bene- 
ficial as a protecton against the action of certain anodic impurities. An excessive 
amount of manganese scale, however, tends to break away from the anode. This 
condition may become detrimental by mechanically carrying particles of lead peroxide 
to the cathode. The precipitation of manganese dioxide in the electrolyzing cell 
causes the eventual accumulation of a large amount of sludge in the bottom of the 
cell. Periodically the cells must be drained and this sludge removed. A frequent 
periodic cleaning aids in the production of zinc with a low lead content. 

Any means of preventing lead dioxide from coming into contact with the cathode 
helps to lower the lead in cathode zinc. The use of a diaphragm surrounding the 
anode would be very effective in this respect, but no satisfactory form of diaphragm 
cell has yet been developed. The greatest detriment to the use of a diaphragm is the 
. greatly increased corrosion of the anode caused by insufficient circulation in the cell. 
As soon as the diaphragm becomes partly blinded^' to free passage of the electrolyte, 
disintegration of the anode is enormously increased. An abnormal voltage drop 
between the anode and cathode accompanies this condition. Another, although 
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less serious, factor against the use of diaphragms in the zinc cell is the lack of a cheap 
satisfactory material. 

The addition of any impurity to the electrolyte which will lower the oxidation 
potential at the anode is beneficial in the prevention of corrosion of the anode and 
aids in the production of low-lead zinc. 

Miscellaneous Tank-room Notes. — Rotating-disk cathodes have been tried in 
place of stationary cathodes, with the hope of producing a heavier and smoother 
deposit. Their use has never been found to be satisfactory. Only about one-third 
of the rotating-cathode area is immersed in the electrolyte at one time; the remainder 
of the sheet is subject to re-solution of the zinc deposit by the adhering electrolyte. 
With disks of the required size, undue vrarping takes place, which results in the edge 
of the cathode coming in contact with the anode. Stripping the deposited zinc from 
rotating cathodes is a slow and expensive operation. 

Starting sheets of zinc have been tried in place of aluminum depositing blanks, 
but have nevc'.r proved successful. Thin deposits of zinc tear easily and, when dried, 
become quite brittle. The production, storage, and handling of zinc sheets is a 
difficult problem. (Joniacds between starting sheets and supporting bars cannot be 
made in a satisfactory tnanner. In operation the shet'ts tend to redissolve at the 
solution liiH', especially if the solution becomes slightly impure, causing the sheets to 
fall into the cells. l'h(‘ use of aluminum depositing blanks leaves little to be desired; 
they operate with so little trouble that no great incentive is given to the search 
for improved methods. The use of starting sheets would save in the cost of 
aluminum and would have some advantages because of the heavier sheet to be 
melted, but the experience so far wuth starting sheets has not been particularly 
encouraging. 

If it becomes necessary to discard solution because of an overproduction of sulphate 
in roasting, the solution to be discarded should be depleted to less than 10 g. of zinc 
p('r liter. A separate group of cells should be used and a higher rate of flow than 
usual inaint}iin(‘d in order to prevent overheating. The ampere efficiency on these 
cells will be much Iowct than normal, but the voltage will also be below average, and 
the actual loss in powder will not be of any great consequence. Careful control of 
roasting conditions and a close cooperation among the various divisions of the plant, 
how^ever, make it unnecessary to discard solution except under the most unusual 
conditions. 

Melting and Casting. — Electrolytic zinc as cathode sheets has a very limited 
market. For moat purposes the cathode sheets must be melted and cast into slabs. 
Melting must be done und(*r carefully controlled conditions to prevent an excessive 
formation of dross, ('usting of the molten zinc into slabs is a simple operation and 
can be done quite (heaply. The total cost of melting, casting, handling dross, and 
loading slabs for shipment amounts to only about 8 per cent of the total zinc produc- 
tion operating expenses, when hand labor is used for casting and loading. 

A reverberatory furnace is commonly used for the melting operation. The depth 
of bath in zinc-melting furnaces is greater than is customary in similar furnaces 
for most other metals. The bath depth of the zinc-melting furnace varies from 30 to 
36 in., depending on the area exposed for heating the bath. With a depth of 30 in., 
the hearth should be about 15 ft. wide by 20 ft. long. While, for construction pur- 
poses, a reverberatory furnace is commonly used, a furnace designed to transfer its 
lieat to the bath from underneath would be better suited to the purpose than one 
heated through the surface of the bath. As much melting as possible is done under 
fhc surface of the bath. In the reverberatory furnace, the temperature must be 
c arried so high to drive the necessary amount of heat into the bath that some burning 
of the zinc to zinc oxide is unavoidable. 
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The furnace is built on a steel pan to prevent possible loss of zinc through the 
furnace bottom. This steel pan is pla(‘.ed on concrete piers to allow a circulation of 
air under the furnace. The brick hearth is then built inside the pan. Common brick 
may be used for the bottom and hearth, but firebrick is necessary above the metal 
line and for the furnace roof. One or more charging holes, large (mough to permit 
the passage of several cathode sheets, are built into the furnace roof. These holes 
are closed, except when charging the furnace, by remote-controlled cast-iron doors, 
usually water-cooled. Ladle wells, from which the zinc is ladled while casting, are 
built into one end of the furnace. These ladle wells are open on the bottom, and the 
sides extend below the surface of the bath to prevent dross from getting into the cast- 
ing ladles, and to exclude air from the furnace. Doors are provided along the sides 
of the furnace, just above the metal line, for rabbling and skimming dross. 

(lasting is usually done by hand, using ladles carried from a trolley running on an 
overhead 1 beam. Each ladle holds a little over 2(X) lb. of molten zinc, which is enough 
to cast fo\ir slabs. The molds are made of cast iron, and the slabs cast in them each\ 
weigh 50 to 60 lb. The molds are placed on racks in a straight line under the I beam. 
Casting on a revolving wheel to carry the molds is not satisfactory because of the 
rough surface formed on the slabs by vibrations set up by th<^ wheel. In order to 
obtain a bright smooth surface on the finished metal, the slabs are skimmed by hand 
as soon as they are poured. The slight film formed on the surface is remov(‘d by this 
skimming, along with any air bubbles during pouring. Aft<'r the slabs are cast and 
skimmed, they are cooled by a water spray on the backs of the molds. As soon as 
the metal has “s(‘t,^’ the molds, whi(*b are pivoted ru'ur the center, are turned over 
and the slabs dumped. The slabs an* then stacked by hand and trammed away by 
either hand-drawn or powered trucks. A crew of thro(‘ men can pour, skim, and stack 
30 to 35 tons of zinc each working shift. With the largtT furnacjes, two or more ladle 
wells, ladles, and mold racks are usually provided. 

Dross is skimmed from the furnace at regular periods into some suitable convey- 
ance and is delivered either to a screening plant or to a dross drum." In either case 
the object is to remove as mu(b of the metallic zinc as possibh* from the dross. If 
the dross is to be screened, it is cooled before treatment ; but if it is to b() handled by 
a dross drum, it is delivered to the drum as hot as possible. The dross drum is a 
horizontal steel cylinder capable of being rotated on its longitudinal axis. The 
circumference of the drum is in the form of a modified scroll. When revolved in one 
direction, the charge is thoroughly mixed; but when the direction of the rotation is 
reversed, the drum empties itself. A drain at one end of the drum allows molten 
zinc, separated from the dross by action of the drum, to be drained off. 

The metallic zinc recovered from dross is either returned to the melting furnaces 
or used for the production of zinc dust. This “treated ” dross contains some* mecdiaiii- 
cally held metal and also an appreciable amount of chlorine from the flux used in the 
furnace. The metallics must be oxidized and the chlorine reduced to a low figure 
before the dross can be returned to the leaching system. A separate furnace may be 
provided in which, by continued heating, the metallics are oxidized and most of the 
chlorine driven off. In many cases the dross can be sold as a separate product. 
Dross can also be reduced to zinc dust by reduction wdth coke in an electric furnace. 

Furnace Operation.— -Any fuel may be used with which a reasonable control of 
furnace atmosphere and temperature may be had. In order of preference, the fuels 
are gas, oil, and coal. A neutral or slightly reducing atmosphere should be maintained 
in the furnace to avoid burning the zinc. The temperature of the furnace gases 
should be kept below 600°C., preferably around 550"’C. 

Cathode sheets are charged into the bath of molten zinc through a charging dooJ 
in either the roof or side of the furnace. As many sheets are charged at one time ae 
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can be accommodated by the handling equipment and the bath of molten zinc. Some 
system such as rollers or slides is used so that the stack of cathodes can be charged 
with the least possible admission oi air. As the stack of sheets falls into the bath, the 
individual sheets spread, allow^ing the molten zinc to pass around each sheet. If the 
furnace is large enough, more than one charging door may be provided, in order to 
spread the charge as much as possible. Ideally, the total charge should pass into the 
bath and out of contact with the furnace gases. Melting should take place under 
the surface of the bath. If the furnace is large enough, moat of the heat necessary 
for melting is absorbed from the molten bath, which in turn receives its heat through 
the layer of dross on the surface of the bath. This ideal method of melting is seldom 
attained because of the larg(' bath of m(*tal necessary if 100 to 150 tons of cathode 
sheets is to be melted during eacdi 24 hr. of furnace operation. In this case it becomes 
necessary to sacrifice some zinc by burning in order to maintain the necessary melting 
rate. Charging and casting are carried out simultaneously, and the level of the bath 
is held as constant as possible. 

Some air is admitted into the furnac<; with each charging of cathode sheets, partially 
destroying the reducing atmosphere, and allowing a small portion of the zinc to burn 
with the formation of zinc oxide. A thin film of zinc sulphate is usually prestmt on 
th(i surface of each cathode. The greater the amount of “sprouting’^ on the sheets, 
and the gn'ator llie porosity of the sheets — as wh(‘n produc(‘d from an impur(‘ solution 
— the more air and zinc sulphate will be carried into the bath per pound of zinc. 
The zinc oxide producc'd in the furuact‘ and the zinc sulphate from th(‘ sh(‘ets form a 
dross" that ris(‘s and floats on the surface of the bath. This material holds within 
it a high p(‘reentage of metallic zinc and forms an insulating blanket that prevents 
efficient h(‘at transf(‘r to tlu‘ bath. A small amount of dross on tlu‘ surface of th(* bath 
is desirable as it prot(;cts the surface of the bath from further oxidation. The forma- 
tion of a large amount, however, seriously afflicts the recovery of cathodes to slabs. 
Aceuniulatioiis of dross in the furnace are removed at regular intervals. If the furnace 
is cooled down to prevent the burning of zinc and the dross is rabbled thoroughly, 
a large* part of the me tallies zinc held in the* dross will drain into the bath. A small 
amount of sal ammoniac used as a flux aids in this separation by dissolving the oxide 
film surrounding the particle’s of zinc and allowmg theun to coalesce. An excessive 
amount of sal ammoniac should b<‘ avoieled from the eiconomie standpoint. Normal 
consumption of sal ainmoniac is about 1 lb. per ton of cathodes molte^d. Ibibbling 
also e*aus(’s the formation of some oxide; the side doors must bo open during the 
operation, admitting air to the charge; and a greater surface of zinc is exposed. 

being thoroughly worked in this manner, and ail the metallic zinc possible 
drained into the bath, the re’maining dross is rake^d out through the side doors of the 
furnae’e*. The dross is then either seree’ned or treated in a dross drum. In the dross 
drum more sal ammoniac is adde’d, and the resulting metallic zinc is allowed to drain 
otit of the '‘dry" dross. A fairly complete separation is thus obtained, producing a 
dross containing about 80 to 85 per cent zinc. From 3 to 5 per c.ent of the weight 
of the c’athode sheets charged goes into dross, the amount depending on the physical 
•■onditioii of the surface of the sheets, the cr>’^stalline structure of the metal, furnace 
'M><"*‘ation, and the thoroughness with which the. dross is treated for the recovery 
of metallic zinc. Less than 4 per cent dross is considered good work for average sheets. 
If the furnace capacity is exceeded, and it becomes necessary to melt a largo part of 
I ho charge above the molten bath, it is almost impossible to prevent the formation of 
■in exc.essive amount of dross. 

Dross is a desirable source of zinc for lithopone, high-grade zinc oxide, and zinc 
hloride, much of it being used for these purposes. It is also a desirable material for 
'»>me retort zinc smelters, requiring no roasting and enriching the lower grade zinc 
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materials treated. Its chlorine content is the only objection to returning it to the 
leaching division. If there is enough soluble silver in the calcine being treated to 
remove some chlorine from solution, roasting the dross at 400 to 500°C. will reduce its 
chlorine content sufficiently to permit re-treatment in the leaching division. If dross 
is to be re-treated, roasting, leaching, purification of solution, electrolysis, and melting 
of the resulting zinc must be charged against the amount of zinc recovered. Zinc 
dross may also be used for the production of zinc dust when reduced by suitable 
treatment in an electric furnace. Disposal of dross must be deitcTinined with respect 
to plant location and cost of re-treatment. 

The flue gases from the casting furnaces carry a considerable amount of zim; oxide, 
which can be efficiently recovered by passing the gases through a baghouse. Cotton 
bags can be used if enough cooling pipes are used to cool the gases below 130‘"("i 
before entering the bags. The material caught is a mixture of zinc oxide and unburnea 
carbon; it also contains an appreciable amount of chlorine from the sal ammoniai 
flux used in the furnace. This material can be disposed of in several ways: it can be\ 
water-leached to remove the chlorine and added to the leaching system, it can be 
added to the regular feed to the roasting furnaces, or it can b(^ sold as a separate 
product. 

Zinc Dust. — Zinc dust, for use in the purification of solution in the leaching divi- 
sion, is made by the atomization of molten zinc, with compresscid air. Molten zinc 
is transferred from the melting furnaces to a graphite crucible providf'd with a suit- 
able heating arrangement to keep the zinc molten. The niolt(‘n zinc, at a fairly high 
temperature, runs in small streams through holes in the bottom of th(' crucible, when; 
it is immediately caught by a blast of con)pre8S(‘<l air, atomized, and blown into a 
settling chamber. The particles of zinc are cooled so rapidly that practically no oxida- 
tion takes place. Fineness of dust is controlh'd by air pressure, size* of the stream of 
zinc, and the design and location of the air nozzl<‘ with respect to the stream of zinc. 

The holes in the bottom of the crucible or pot, through which the molten zinc is 
carried to the air blast, are subject to a great deal of wear from the ziiu; stream. An 
increase in the size of the hole increases the size of zinc particles produ(;(‘d. It is 
therefore necessary to maintain as nearly as possible' the original size of opening. 
This is accomplished by boring holes in the bottom of th(‘ crucible into wliich are 
cemented graphite plugs. These plugs are drilled for passagt; of the; stream of molten 
zinc and are replaceable when the holes become too large, lliis n'sults in a large 
saving in cost through a much longer crucible life. 

The shape of the air jet formed by the nozzle or nozzh's used in the atomization 
of zinc dust is of great importance in determining the efficiency of the operation. 
Multiple nozzles are much more satisfactory than a single opening. The air nozzles 
should form a jet which, if visible, would have the appearance of a U- or crescent- 
shaped trough in which the steam of molten zinc is caught. The bottom of the jet 
should be heavier than the sides. The air jet should converge to a point just beyond 
where struck by the molten zinc. If the stream of molten zinc ^rikes too far behind 
this point, some of the zinc will be carried up and out before becoming completely 
atomized; if too close to this point, the zinc stream will not be entrapped. 

High air pressures give finer dust, but 75 lb, pressure will give a product most of 
which is finer than 100 mesh. The air supply to the jets must bo well trapped to 
remove any oil carried over from the compressor; otherwise an explosion may occur 
in the dust-collecting system. Finely divided zinc dust in suspension is highly 
explosive, and particular care should be taken to keep open flames away from the dust- 
plant. 

If a classification of the zinc-dust particles is desired, sufficient air is drawn 
through the chamber into which the diist is blown to carry out the finer particles. 
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This fine dust is then caught by suitable collecting equipment. If no classification 
is desired, the chamber is vented through bags or other filtering equipment located 
over the chamber and discharging into it. 

Zinc dust is usually produced only for local consumption, but is sometimes sold 
as a separate product. Because of tlie high purity and relative coarseness of the 





usual zinc <iuHi made by eU^ctrolytic-zinc plants, it is not entirely satisfactory for 
use in cyanide plants. 


GENERAL PLANT DATA 

Labor. — The total labor required for operation and maintenance, including every- 
thing from the unloading of the concentrate to the shipping of the finished zinc, will 
vary from 1.5 to 2.0 men per ton of zinc produced, depending on the capacity of the 
])lant and the grade of concentrate treated. Ijow-grade concentrate requires more 
men in the roasting and leaching divisions, per ton of zinc produced, than high-grade 
concentrate. Increasing the capacity of a plant decreases the number of men required 
per ton of zinc. A high percentage of the labor required is what is usually termed 
unskilled labor. Working conditions are such that a good class of labor is attracted. 

Power. — The actual power required for deposition of zinc at 30 amp. per sq. ft. 
Hill average about 1.5 kw.-hr. direct current per pound of zinc. Assuming 93 per 
c«‘nt conversion efficiency from alternating to direct current, approxunately 1.6 
k\v.~hr. alternating current will be required per pound of zinc. This is 3200 kw.-hr. 
]>cr ton of zinc. Auxiliary power for the roasters, leaching plant, casting, com- 
pressed air, etc,, varies in its relation to the power for the electrolyzing cells with the 
^'•zc of the plant and the grade of concentrate being treated. For a plant producing 
tons of zinc per day from a 50 per cent concentrate, the auxiliary power will 
f>ui()unt to less than 10 per cent of the total power. This proportion of auxiliary 
i 'wer decreases as the size of the plant increases. Assuming 10 per cent for auxiliary 
^ 'wer, the total power requirement for a 100-ton plant will be 3560 kw.-hr. per ton of 
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zinc, or a total of 15,000 kw. required. Decreasing the current density decreases the 
total power requirement slightly. 

Auxiliary Equipment. — ^Leaching in 30-ton Pachuca tanks requires 125 to 150 
cu. ft. of free air per minute per tank. This air is supplied at 20 to 30 lb. pressure. 
Some air is also required for agitation of pulp in filters, opening of thickener spigot 
lines, and various other purposes. It is desirable that air higher than 30 Jb. per 
sq. in. should be furnished for these purposes. The manufacture of zinc dust requires 
an air pressure of at least 75 lb. per sq. in. The volume of air required for zinc-dust 
manufacture depends on the number of nozzles and the siz<i of the stream being 
atomized. For all purposes, an average 100-ton plant should have a capacity of at 
least 1000 cu. ft. of high-pressure air per minute. 

Some steam is used for heating solution in the leaching plant, in addition to thq 
amount normally required for heating various buildings. The amount r(^quired fo^ 
heating buildings will depend on climatic conditions and the type of building con-i 
struction. Some heat is generated in the leaching tanks, the temperatures averaging!\ 
50®C. or higher, and the large area exposed by the surface of the thickeiuTS allows 
much of this heat to be radiated. This reduces the amount of steam heating neces- 
sary in the leaching plant. A similar condition exists in the el(‘ctrolyzing division, 
but not much of this heat can be conserved because of the amount of ventilation 
required. No extra heat is rcquirc^d in iha roasting and casting divisions beyond that 
needed to keep the air and water lines from freezing. 

Water is required in increasingly large quantities, as the current density is 
increased, for cooling the cells. If the plant is so arranged as to ptTinit proper dis- 
tribution, the water for cooling the cells may be used again for all t/ie other require- 
ments of the plant. The only ex(*,eption to this is the water used for cooling the 
transformers. The cell requirement — 6 to 8 gal. per min. per ton of zinc daily output — 
is more than sufficient in volume for the other requirements. If reasonable care is 
taken of the cooling apparatus in the cells, the water will not be contaminated fronj 
this source. 

A small foundry for making copper, bronze, and lead castings of spari^ parts, for 
replacement of equipment in contact with corrosive solutions, is almost a necessary 
adjunct to an electrolytic-zinc plant. It will prove to be a highly profitable invest- 
ment. Carpenter, pipe, boiler, blacksmith, electric, and machine shops are n(‘eded 
to build and install new equipment and to care for the regular maintenance work. 

First Cost of Plant. — The first cost of an electrolytic-zinc plant, including all 
auxiliary departments, water system, tramming systems, bins, etc., will vary from 
$30,000 to $40,000 per ton of daily zinc capacity. The cost depends on the size of the 
plant, type of construction, cost of labor and supplies, and the location of the plant. 
A large plant built under the most favorable conditions would probably cost about 
$30,000 per ton of daily zinc output. A plant of only one-half the capacity of th<^ 
larger, under the same conditions, would probably cost $35,000 to $40,000 per ton. 
Power-conversion equipment and motors make up the largest- single item of cost. 
The second largest item is made up of electrolj'^tic-cell equipment, such as aluminum 
cathodes, lead anodes, cooling coils, tank linings, copper bus bars, conductor bars, 
and other items made of copper or lead. Much of the leaching equipment is of 
copper, lead, or bronze. Roasting and leaching equipment is almost all of standard 
design and, for this reason, has a higher salvage value than if made specially for indi' 
vidual applications. 

The first cost of an eleatrolytic-zinc plant depends less or the grade of materifl- 
treated than that of a retort plant. The electrolyzing division and the melting am* 
casting division are altogether dependent on the amount of zinc produced regardles s 
^ the source. Much leaching-plant equipment is dependent on the volume of solu 
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tion to be handled and, therefore, on the zinc output. The roasting equipment neces- 
sary is largely dependent on the grade of concentrate. This is also true, to a large 
extent, of some of the Icaching-plant equipment. The roasting equipment required 
for a given zinc production is roughly inversely proportional to the grade of zinc 
concentrate treated. The first cost of a plant of this kind, therefore, decreases as the 
grade of concentrate increases. 

Recoveries. — If adequate means are provided to collect the dust from the roasting 
furnaces, the total losses in the roasting division will ho, almost negligible. The 
amount of dust carried out of the furnaces by the flue gases is usually high when 
roasting flotation concentrates in multiple-hearth furnaces, but is mostly a circu- 
lating load when proper equipment is used. The only other source of loss in the 
roasting department is through screening and cooling of the cahune and in crushing 
oversize calcine preparatory to retuniing it for further roasting. 

The lea(*hing-plant residue contains unroasted zinc sulphide from the calcine, zinc 
ferrite insoluble in the leaching process, some zinc oxide not dissolved in the leaching 
solution, and any zinc sulphate not removed when the residue is washed with water. 
'Fhe total loss of zinc as residue is the largest single loss of the electrolytic proci^ss and 
may account for as much as 20 per cent of the total zinc with a particularly unfavor- 
able zinc ore. The loss of zinc as ferrite is usually the main part of the residue loss. 
In case of very pure ores, however, the loss of zinc as sulphide may exceed the loss as 
f(*rrite. Any unroasted zinc sulphide carries approximately twice as much zinc as 
sulphur. A 0.2 per cent sulphide sulphur in the calcine, therefore, will mean a loss of 
0.4 p('r cent zinc, which is equivalent to 1 per cent of the total zinc in a 40 per cent 
concentrate. A (^oncHmlrate containing much iron will producei a correspondingly 
high percentage of residue with a large* loss of zinc as fcjrrite. As has been pr(‘viously 
point(‘d out, under the dise’ussion of the formation of f(*rrite, the amount of fc'rrite 
formed cannot be definit{dy predicted from an analysis of the concentrate because of 
the fact that the intimacy of (‘onta<‘,t between the particles of zinc and iron influences 
the completeness of combination. It can be assumed for general purposes, however, 
that as the iroii content of the concentrate increases, the amount of zinc ferrite loss in 
the residue also increases. The real measure of efliciency of the l(*aching process is 
.shown by the amount of undis.solved zinc oxide remaining in tin? residue; good oper- 
ation r<'quir(*s that tlie amount of such zinc in the residue should be less than 5 per 
(H*nt of the total zinc in the residue. \Mien treating a concentrate containing approxi- 
mately 55 per cent zinc, the total zinc in the residue should not be more than 6 per cent 
of the zinc in the concentrate*; of this amount, 8 per cent — or about 0.5 per cent of the 
zinc in the (•onc(‘ntrat(^ — will be pr<*sent in the residue as zinc oxide. The amount of 
zinc lost in the residue as zinc sulphate will be approximately twice that lost as zinc 
oxide. In other words, about 10 to 20 per cent of the total zinc in the residue, or 
about 1 per cent of the zinc in the original concentrate, will be lost in the residue as 
zim*. sulphate. The normal zinc loss in residue from a high-grade concentrate con- 
taining 55 per cent zinc may be summed up as follow's: 0.2 per cent of the sulphur 
unroasted will cause a loss of 0.7 per cent, undissolved zinc oxide will cause a loss of 
fl.5 p(‘r c('nt, zinc*, sulphate not washt^d from the residue will ca^jise a loss of 1 per cent, 
and the insoluble ferrite wdll cause a loss of approximately 3.8 per cent. This is a 
total loss of 6 per cent. As the zinc content of the concentrate decreases, with a 
•a^rresponding increase in the iron content, the percentage loss from sulphide and 
o rrite will increase, and the percentage loss as zinc oxide and zinc sulphate will 
i’ crease. With a concentrate containing 40 per cent zinc, the residue loss will 
uiouiit to about 12 per cent of the total zinc. 

Figure 15 gives a formula for determining leaching recovery (recovery from calcine 
* residue). It is based on the fact that the amount of zinc in a definite amount of 
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calcine that is insoluble in 1 per cent HjSOi equals the amount of such insoluble zinc 
in the residue produced from this calcine. Tlie recovery calculated from this graphic 
formula does not include any loss in purification residue. 

The amount of purification residue produced and the amount of zinc in such 
residue depend mainly on the amount of copper and cadmium in the solution to be 
purified, and therefore on the amount of zinc dust used for purification of solution. 
The purification residue also contains some basic sulphate precipitated from the 
solution, and solids overflowing the neutral thickeners. The amount of zinc from 
these sources makes the zinc content of this residue approximately equal to the 



Fig, 15. — Graphic zinc-recovery formula (based on fact that insoluble zinc in calcine 
equals insoluble zinc in residue). 

amount of zinc dust used for purification. Treatment of the purification residue for 
the recovery of the zinc and separation of the copper and cadmium will recover 90 to 
95 per cent of the zinc content. With adequate tn^atment, the net loss of zinc from 
this source should not be more than 10 per cent of the zinc dust used. 

There is no loss of zinc in the electrolyzing division, other than that from mist or 
spray from the surface of the cells, unless acid is discarded. With careful control of 
roasting and leaching operations, there is really no necessity for discarding acid. 
Even if it does become necessary for a plant to discard some acid, the loss of zinc from 
this source can be minimized by depleting the zinc in this solution to 1 per cent or Ict'^ 
If the dust in furnace gases is properly collected, there should be practically 
zinc loss in the melting and casting division. The only loss in this case is a result <‘1 
handling and treating the collected dust and the zinc dross produced by the meltm^ 
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operation. The total loss in this division should not be more than 0.10 per cent of 
the total zinc entering the plant. 

There is always some loss of zinc through handling solution and calcine. The 
total loss from handling should not be much; the amount depends on the arrangement 
of the plant divisions and on the provisions for handling occasional spills of solution. 
The sum of all such losses in the leaching and electrolyzing divisions should not exceed 
1,0 per cent of the total zinc loss. 

Starting with a concentrate containing approximately 55 per (;ent zinc, 0.6 per 
cent copper, and 2 per cent iron, the expected losses should be about as follows: 
roasting, 0.75 per cent; leaching-plant residue, 6.0 per cent; purification residue, 
0.25 per cent; melting and casting division, 0.10 per cent; general handling, 1.0 per 
cent ; total, 8. 1 per cent. This is an over-all recovery of 91 .9 per cent from concentrate 
to finished zinc. 

By-products. — The location of the plant with respect to markets for the sale of 
by-products limits the value and the production of these materials. Common 
by-prpducts, whicli may be produced in connection with regular plant operation, are 
sulphuric acid, zinc dust, zinc oxide, lithopone, zinc salts, cadmium, and cadmium 
salts. 

Sulphuric a(ud can be profitably produced from the roaster gas of an electrolytic- 
zinc plant if a satisfactory market exists for this product. When high-iron concen- 
trates are to be trc'ated, however, close bmiperature control is required and the upper 
hearths of the furna(‘e inu.st be kept cool by the admission of air to prevent the forma- 
tion of an ex(!es8ive amount of ferrite. A condition such as this renders the production 
of sulphuric acid unprofitable unless the value of the by-product is sucth that it is 
cheaper to provide some special method of residue treatment to recover the zinc 
combined as ferrite and to produce acid from the roaster gas. 

Some sulphuric acid is produced by sulphate roasting and the subsequent elec- 
trolysis of the resulting zinc sulphate. More or less zinc sulphate is formed depend- 
ing on the conditions of roasting. Also, if the iron sulphate formed during roasting 
is not decomposed in the lower part of the furnace, the SO4 radical will unite with 
zinc to form zinc- sulphate during the reactions in the neutral leach by which iron 
hydroxide is precipitated with excess zinc oxide. This is a source of sulphuric acid; 
but acid is expensive to produce in this manner, as the spent electrolyte must be 
cvaporat<*d in order to obtain a marketable product. If, however, a market is also 
available for lithopone or zinc sulphate*., such acid can be profitably utilized. 

Zinc dust is produced primarily for the purification of solution. The high purity 
and rc'lative coarseness of the dust normally used for this purpose makes it undesirable 
for market purposes. There is no objection to the use of dust containing some lead 
and cadmium in the regular zinc-dust purification. Therefore, if a suitable market 
(’xists, it is very easy to lower the purity of the dust produced without affecting the 
cffi(‘iency of the dust used for local consumption. The dust can also be produced in 
•my desir<‘d degree of fineness by slight (ihanges in the atomizing process and by 
classifying the dust while it is being collected. 

Zinc dross is very often sold as a by-product of the electrolytic-zinc process. 
Much of it has been used in the production of lithopone, high-grade zinc oxide, and 
for zinc chloride. Zinc dross is also a desirable material for some retort smelters as 

is very high in zinc content and requires no preliminary treatment. Whether 
i'Mic dross is sold as a by-product or re-treated for the production of zinc depends on 
5'ic location of the plant and the existing markets. 

Zinc sulphate solution suitable for electrolysis is of a high degree of purity except 
for manganese. When manganese has been removed by the usual methods, the 
‘‘‘faulting solution is of exceptional purity and is highly desirable for the production 
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of lithopone. The acid combined with the zinc costs practically nothing to producci 
and the zinc may be figured to be worth the market price at the plant less the cost 
of electrolysis, melting, and casting. If the plant considering the sale of zinc sulphate 
for this purpose regularly discards acid from the syst(?m, the production of lithopone, 
in an amoimt just sufficient to offset the necessary depletion in acid content, could be 
credited with the saving in power and zinc loss resulting from the discarding of acid. 
Zinc sulphate can be produced by the evaporation of regular plant solution. 

Cadmium metal has become one of the main by-products of the electrolytic-zinc 
process. Practically all ores of zinc contain small quantities of cadmium. In the 
metallurgy of zinc it is necessary to remove the cadmium from the solution previous 
to electrolysis if high-grade zinc is to be produced. The cadmium is first eliminated 
from the regular zinc cycle in the purification residue. During the treatment of, 
purification residue for the recovery of zinc and copper, the cadmium is usually pre-j 
cipitated from solution as an impure sponge metal. From this state it is but a simple: 
process to produce cadmium metal suitable for iriarket. A further advantage inli 
producing cadmium as a by-product of the electrolytic-zinc process is that the main « 
portion of the expense is borne by the zinc plant. 

The impure cadmium sponge is stored in stock piles for several days to allow partial 
but not complete oxidation. This process of oxidation may be speeded up by piling 
the sponge on a large heated pipe. Unoxidized cadmuim sponge is slow to dissolve 
in dilute sulphuric acid, but when oxidized it will dissolve very rapidly. Tlie oxidized 
sponge contains zinc, lead, iron, cobalt, nickel, and sometimes thallium as impurities. 
All these, with the exception of zinc, must be removed previous to ehictrolysis of the 
cadmium solution. The sponge is dissolved in return electrolyte from the cadmium 
electrolyzing cells, in spent electrolyte from the zinc cells which have bc^en depleted 
in zinc, in commercial sulphuric acid diluted with water, or, as is quite often the case, 
in some combination of these acids. The leach is neutralized with a large excess of 
the incompletely oxidized cadmium sponge and, owing to the presence of some 
metallic cadmium, most of the impuritit»s are eliminattxi by replacement with (iad- 
niium. The leach is then filtered, and if necessary, further purification steps are 
carried out to eliminate any especially troublesome impurities still present. The 
solution after purification, for best results, should contain 180 to 220 g. per 1. of cad- 
mium. The solution may also contain zinc in an amount not to exceed 50 per cent 
of the cadmium content without detrimental effects to the electrolysis of cadmium. 

Cadmium is difficult to electrolyze because of the formation of trees and 
sprouts. The formation of trees and sprouts can be minimized by keeping the 
cadmium content in the electrolyte relatively high. The cell and electrodcis in the 
cadmium electrolysis cell are practically the same as in the regular zinc cell. The cells 
are fed with solution individually and are not in cascade. Glue is added to prevent 
the excessive formation of beads. The current density used in the cadmium cell 
ranges between 2 and 15 amp. per sq. ft. 

The deposited cadmium metal is stripped from the cathodes^ach day and rolled 
into bundles for melting. The bundles are melted under a layer of caustic (NaOH) 
in large iron pots, and cast into slabs weighing approximately 75 lb. each. These 
slabs are remelted and cast into shapes for market. The usual shapes are balls, 
pencils, slabs, or special anodes. 

Residue Treatment. — ^Leaching-plant residue as discharged from the filters con- 
tains a high percentage of moisture. The moisture content varies from 20 to 35 per 
cent according to the amount of gelatinous material precipitated in the neutral leach, 
during the purification of iron, silica, alumina, etc., in comparison with the amount 
of sandy material in the residue. The presence of relatively coarse material is of 
considerable benefit in the filtering and washing operations and aids in producing a 
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low moisture content by keeping the cake ‘‘open’’ to passage of the solution and wash 
water. High-grade zinc concentrate produces a residue high in moisture because the 
amount of gelatinous material produced from such a concentrate is high in proportion 
to the amount of sandy material in the residue. As a general rule, the amount of 
sandy material increases as the zinc content of the concentrate decreases. To be 
suitable for the usual methods of treatment, the residue must be dried further to reduce 
the moisture content. 

A direct-fired rotary drier has a large capacity and is cheap to operate, and is 
superior in these respects to other types of drying equipment. It consists of a brick- 
lined steel tube mounted on rollers at a slight incline and revolved by a gear-and- 
pinion drive. The material to be dried is introduced through a chute at the upper 
end and, because of the revolution of the inclined tube, slowly passes through the 
drier to the lower end where it is discharged. The tube is fired at the discharge end, 
and the hot gases leave th(^ drier at the feed end. 

Part of the drying is done by contact between the residue and the hot gases and 
part by contact between the residue and brick lining. The lining is exposed to the 
hot gases for more than half of the revolution and absorbs heat that is later trans- 
ferred to the residue. The revolving motion of the drier carries the residue part 
way up the side of the tube in the direction of rotation, and then the material falls 
or rolls back into the trough. A good contact between the residue and the hot gases 
is given because of this action. The rolling action of the drier gives a product that is 
formed into small lumps or balls. This product can be handled without excessive 
dusting loss and does not tend to hang up in bins or hoppers. Th(‘, dried material 
contains 10 to 15 per cent moisture. The apparently high moisture content is due 
to incomplete drying in the centers of the lumps. Further reduction in the moisture 
content is not desiralile with this type of drier, as an excessive dust loss from the driers 
and in handling would result; if a lower moisture content is necessary, some other 
type of drier should be \i8ed. 

The methods of treating the final residue from the electrolytic-zinc process are 
many and varied. Lead-furnace or copper-furnace tre^atment of the residue, or a 
combination of the two, is the usual procedure if the zinc plant is situated in a locality 
where th(*se methods are economically available. Som(*, wet methods have been 
employ(»<i in the past for rcvsidue treatment but, as they are not entirely satisfactory, 
are not now in common use. The margin of profit in treating the final residue is so 
lo^v that not many spcnual methods have been developed; several methods have, 
however, been adapted from other metallurgical process. Among these several 
methods are the Waelz process, the ash-fusion process, and the electrothermic 
process. 

Classes of Residue. — Residue may be divided into four general classes: (1) that 
containing insufficient values to pay for the cost of further treatment; (2) that con- 
taining lead as the only value of consequence in deciding the method of treatment; 
(3) that in which metals other than lead are present in considerable amounts, but in 
which lead is in excess of copper in value ; and (4) that in which the value of recoverable 
copper exceeds the value of recoverable lead. 

The residue from class 1 is a waste product and may be discarded by counter- 
current washing and sluicing. This method of disposal will save some of the cost of 
filtering and repulping. The difference in cost between countercurrent washing and 
1 he usual filtering and washing operation offsets the loss of value in the residue. The 
economics of the two methods for the disposal of a class 1 residue must be considered 

the light of local plant conditions before deciding which is the most desirable 
uiethod for any individual situation. The point at which to draw the line between a 
‘ lass 1 and a class 2 residue must also be decided by local conditions. 
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A residue in class 2 is one that contains lead as the only value of consequence in 
deciding the method of treatment. A residue of this class may be treated in a lead 
blast furnace, in an ash-fusion gas producer, by the Waclz process, or by various 
wet methods. The location of the zinc plant with respect to an established lead- 
smelting plant, the desirability of the particular residue as a feed to the lead plant, 
and other local conditions will decide the most economical method of treatment. 

Leaching with a saturated solution of common salt will recover over 90 per cent 
of the lead from a residue containing 10 to 12 per cent lead, but will give a compara- 
tively low recovery of silver. Only a short leaching period is required, the leach 
settles rapidly, and the solution is clear enough to electrolyze without further clarifica- 
tion. Lead is electrolyzed with iron anodes and cathodes; the iron consumption 
amounts to 0.3 lb. per pound of lead produced. From 12 to 15 lb. of lead is produced / 
per kilowatt-hour. The deposited lead is very spongy and contains about 80 per cent 
lead when dried. The spongy lead forms a large amount of dross since it oxidizes v 
rapidly in contact with air. The process is really one of concentration rather than a \ 
direct reduction of lead, but the low cost of equipment and the high recovery of lead ' 
makes this method very attractive for this class of material. 

The residue in class 3 is one in which other metals besides lead are present in con- 
siderable amounts, but in which lead is in excess of copper in value, 'lluj treatment 
of a residue in this class is usually a straight lead-smelting operation. The low 
recovery of copper, silver, and gold eliminates the simple brine leach excjept und(T 
especially unfavorable conditions for lead smelting. A considerable amount of work 
has been done to develop Avet methods for the extraction of values from (dass 3 residues. 
Several of these wet methods have been tested, but in practically all cas(is they have 
been discarded in favor of other methods of treatment. The Waelz prot^ess, the ash- 
fusion gas-producer process, and the electrotherrnic process are applicable to the 
treatment of the residue in this class. 

Some residue that will fall into class 3 contains scarcely enough lead to pay the 
freight and the cost of treatment at a lead smelter, but do(*s contain (inough silver, 
gold, and copper to make it a valuable product. Such a residue may be smeltc'd in 
a reverberatory furnace, with suitable fluxes and reducing material, and a copper 
matte produced that contains most of the silver and gold. The fuim^ from this 
furnace will contain a high percentage of lead. This lead can be recovered in a lead 
smelter. The matte can then be treated in a converter to recover copper, gold, 
and silver as in the regular production of blister copper. Some lead is reduced to the 
metallic state in the reverberatory furnace and leaves the furnace with the copper 
matte. This lead, if in a considerable amount, may be eithtjr 8(‘pa rated from the 
matte, or collected as a fume from the converter. The zinc in the residue treated 
in the reverberatory furnace is largely absorbed by the reverberatory slag, but some 
is collected with the lead fume. Chopper concentrate, or some other sulphur-bearing 
material for matte formation, limestone, crushed coal, and siliceous ore (if silica is 
needed) are mixed with the residue to make up the reverb(TatoiT charge. Slag con- 
taining 30 per cent 8i02, 30 per cent FeO, and 16 per cent C'aO has been found to 
carry the least lead and copper and to absorb the most zinc of any of a series covering 
a wide variation of analyses. Such a slag will normally contain less than 2 per cent 
lead and over 12 per cent ZnO w^hen treating a residue containing 12 per cent lead and 
12 per cent zinc. The amount of screened coal required in the charge is about 4 per 
cent of the weight of the residue. 

A residue in class 4 is one in which the value of the recoverable copper in the residue 
exceeds that of the lead. Such a residue may be treated in a reverberatory furnace 
as just described. If the amount of lead in the residue is not high enough to justify 
the formation of a type of slag to ensure its elimination and the collection of the lead 
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as fume, the residue may then be advantageously treated in a copper blast furnace 
or copper reverberatory. 

A combination reverberatory and lead blast-furnace method of treatment is 
especially well adapted to the treatment of residue containing some copper, an 
appreciable amount of zinc, and not enough lead to make a direct lead blast-furnace 
treatment economically feasible. Part of the residue may be smelted in a reverbera- 
tory furnace and the copper and most of the zinc eliminated in the matte and slag. 
The fume from this operation, high in lead and low in zinc and copper, can then be 
added to the remainder of the residue to make up a blast-furnace charge. In this 
manner the amount of zinc to be slagged in the blast^-furnace operation is materially 
lowered, which reduces the amount of slag formed, and the percentage of lead recovered 
is greater. 

Before zinc-plant residue can oe treated in a blast furnace, some form of agglomera- 
tion must be resorted to, or the dusting losses will be prohibitive. A fair sinter may 
be made by mixing the residue with foul slag and coal and putting the mixture over a 
Dwight-Lloyd machine. It may also be formed into briquettes, without the addition 
of any other material, which are hard enough so that they may be handled without 
producing much dust. Fume added to the residue hardens the briquettes, and this 
additional hardness may be found advantageous if the residue is treated by the 
combination reverberatory and blast-furnace method. The briquettes may be formed 
]>y feeding partly dricid residue into a pugmill where just the right amount of water 
is added to produce a mixture of the proper consistency. This produ(!t is then put 
through an auger brick machine and the nnsulting ribbon cut into blocks of suitable 
size. These blocks are them dric'd. The zinc sulphate and gelatinous material con- 
tained in the residue give the material sufficient binding properties to make a good 
hard bricpietU?. 

It is possible to eliminate zinc as a fume, in the reverberatory furnace, but the cost 
of treatment and the cost of su})sequent purification of the solution produced from 
such a fume is high enough to offset the value of the zinc recovered. Arsenic, anti- 
mony, etc., are carried with the zinc fume, and when the fume is leached the solution 
is so impure that special methods must be used to prepare it for electrolysis. 

The Wacdz process is a relatively cheap method for the concentration of zinc from 
low-grade material and is used extensively all over the world. The Waelz process 
is especially adaptable to the recovery of metals from zinc-plant residues of all classes 
containing enough values to pay for the cost of treatment. The object of the process 
is to drive off zinc, lead, and other easily volatilized metals and to concentrate them 
as a fume. This fume is then treated for recovery of these metals. The kiln residue 
contains the nonvolatilizable metals and, if sufficient values are present, can be 
treated for (heir recovery. 

The Waelz process requires no preliminary drying of the residue as slimes con- 
taining as high as 40 per cent moisture can be easily treated. The feed is simply 
mixed with the required amount of coke and fed to the kiln. Almost any sort of coke 
cum be u.sed. The charge is weighed and mixed in any simple sort of mixing machine 
and fed to the kiln through an inclined chute. 

The kiln is a long, horizontally inclined cylinder with a brick-lined steel shell 
supported on riding rings and rollers. The usual slope of the inclined cylinder is 
1 to 6 per cent of the length of the kiln. The kiln is rotated by a pinion drivbg a 
targe toothed gear fastened around the circumference of the shell. A variable-speed 
Juotor is preferred on the larger installations. Some sort of stand-by equipment 
'iliould be provided to operate the kiln in case the usual source of power fails. 

The kiln is fired at the lower or dis<!harge end of the inclined cylinder, and the 
^vaste gases are carried away at the feed end. * The normal operating temperature 
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of the kiln is 1100 to 1200°C. at the fire end, and 500 to 600°C. at the exit point of the 
gases. The kiln is normally operated under induced draft produced by a fan in the 
collecting system. 

The material to be treated is introduced through a chute at the upper end of the 
inclined cylinder. The rotating motion of the kiln causes the charge to be carried 
part way up the side of the cylinder in the direction of rotation. From this point it 
tumbles back into the trough at the bottom. The tumbling action of the charge, 
together with the incline of the cylinder, causes the charge to work its way slowly 
down the length of the kiln to the discharge end. The charge moves in a direction 
opposite to the gas flow. The moisture is evaporated, and the charge absorLp heat 
both from intimate contact with th(i hot gases and from contact with the heated 
lining. The maximum temperature allowable in the kiln is the softening point w the 
material treated. If the charge softens and begins to slag, all reactions stop immedi- 
ately. The success of the Waelz process depends on the long period of reduction and 
on the fact that the reducing and oxidizing zones are actually superimposed on Wch 
other throughout the gr(^ater part of the kiln. 

The fume and dust carried away from the kiln by the hot gases pass through 
settling chambers and collectors where the dust is settled out. The dust is much 
heavier than the fume and can be efficiently separated from it. The dust is usually 
returned to the kiln along with the regular charge. The fume and hot gases are 
lowered in temperature by passing them through cooling pipes, and the fume is col- 
lected in a baghouse or a C’ottrell precipitator. 

The kiln residue is discharged into any suitable container and is disposed of accord- 
ing to the value of the recoverable metal. 

The treatment of zinc-plant residue by the ash-fusion gas-producer method was 
developed by the SociOtO des HouillOres de 8aint-Eticnne. It has been in use for 
several years by the Viviez works of the SociOtd de la Vieille-Montagne. The Viviez 
elcctrolytic-zinc plant is too far from a lead smelter to make it possible to treat the 
residue economically by a lead-furnace operation. 

The zinc-plant residue as delivered from the filters is first dried to about 5 to 6 
per cent moisture in a rotary drier. The product from the drier is slightly moistened 
with water in a mixing machine and briquetted. The briquettes are further dried to 
produce a hard firm surface that can be handled without ex(iessive mechanical loss. 

The briquettes are added to the furnace along with salt cake and the various neces- 
sary fluxes. The slag formed contains about 30 to 34 per cent SiOg, 18 to 24 per cent 
CaO, and 18 to 20 per cent FeO. A slag of this composition will contain a maximum 
amount of iron with a minimum amount of zinc. The matte produced by this process 
contains some of the iron and most of the copper, silver, and gold in the original 
residue. Certain other elements such as cobalt, nickd, manganese, arsenic, and 
antimony are also eliminated with the matte. 

The gas produced by the apparatus carries of! the volatilizable metals as a fume. 
A considerable amount of fine dust also accompanies the flu(^ gases and is collected 
separately from the fume. The fume is cooled and collected by standard methods 
and is returned to the electrolytic cycle. 

Recovery of Zinc from Lead Blast-furnace Slag. — Zinc can be recovered from lead 
blast-furnace slag by suitable treatment in a reduction furnace from which the zinc is 
collected as a fume. The method used at the East Helena slag-treating plant of the 
Anaconda Copper Mining Co., and elsewhere, has an advantage over most previous 
methods in that it is able to treat the molten slag direct from the blast furnaces, 
thereby saving the cost of remelting. It has the further advantage of being able to 
melt cold slag more cheaply than by treating back through a blast furnace, as pul- 
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verized coal is used for heating, and the melting and reduction processes are carried 
on almost simultaneously m the same furnace. 

The plant consists of a slag-treating furnace, steel pipes for cooling the fume and 
gases, and a baghouse for collecting the fume. The furnace is rectangular in cross 
section, the sides, ends, and top of the furnace are jacketed for water-cooling, and the 
furnace bottom is a water-cooled cast-iron plate resting on a concrete foundation. 
Air and coal dust are admitted through tuyeres along each side of the furnace, the 
slag is introduced into the furnace through a charge hole in one end, and the gases 
and fume arc taken off from the opposite end of the furnace. The hot gases and fume 
are cooled by passing through steel cooling pipes and are filtered through woolen bags 
in the baghouse for recovery of the fume. The fume collects in hoppers underneath 
the bags and is drawn from the hoppers into railroad cars for shipment to the elec- 
trolytic-zinc plant at (Ireat Falls. 

A furnace charge consists of approximately 35 tons of slag. Slag, containing about 
10 per cent zinc, is brought to the furnace in pots and is charged into the furnace by 
raising the pots by a crane and pouring the contents through the charge hole. Blow- 
ing is started, and more molten slag and crushed slag skulls arc added until the full 
charge is in the furnace. The percentage of skulls used will vary with operating 
conditions of the lead blast furnaces, but normally does not exceed 30 per cent of the 
slag treated. If sufficient molten slag is available, no skulls arc treated. 

With all molten slag, a furnace cycle is about 30 min. for charging and 140 min. 
for blowing and discharging. Eight or nine charges can be treated per 24 hr. When 
skulls or cold slag are treated, the, cycle is increased by lengthening the charging and 
melting period, while the blowing time remains nearly constant. 

The zinc elimination is slow until the temperature of the charge has been brought 
up to around 1050 to 1100°C. After reaching the required temperature, the elimina- 
tion of zinc proceeds at a fairly constant rate until the zinc content of the slag is 
reduced to about 3 per cent, when there is a marked slowing down in the rate of 
reduction. From 80 to 85 per cent elimination of zinc in the slag can be obtained 
within a 2-hr. blowing period, but this elimination may be increased to over 90 per 
cent by a longer blowing time. This, however, requires an excessive amount of coal 
for the amount of zinc eliminated and also reduces the capacity of the furnace. The 
most efficient period of blowing and the percentage of zinc recovery are determined 
by the operating conditions and by the value of the zinc recovered. 

The consumption of coal in the slag-treating furnace varies from 20 to 30 per cent 
of the weight of the slag treated when 10,000 B.t.u. coal is used. Air consumption 
averages about 8000 cu. ft. of free air per minute and is introduced into the furnace 
under a pressure of 14 lb. per sq. in. Most of the fume comes off during the early part 
of the blowing period. Fume produced at East Helena averages about 70 per cent 
zinc and 6 to 7 per cent lead. 
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PYROMETALLURGY OF ZINC^ 

By W. R. Ingalls* i 

Scope of Chapter* — My contribution to the first edition of ^'Handbook oi Non- 
ferrous Metallurgy” edited by D. M. Liddell was written in 1925, which was just 
prior to the geiuTal introduction of the process of preferential, or selectiv(\ flotation, 
which by fine grinding made it possible to separate the constituent minerals of awnost 
any kind of mixed sulphide ore, resulting in the liquidation of many great ore deposits 
previously not of commercial value and bringing to the metallurgists great supplies of 
very fine ore (so fine as to pass a 200-mesh screen) and introducing new probh'ins in 
metallurgical treatment. Furthermore, the efficitmcy of the flotation process w^as 
so improved that the grade of the concentrates was raised to upward of 50 per cent 
in zinc content, with less than 2.5 per cent in lead content, so that the zim^ metallurgists 
were no longer much concerned over lead recovery, del(‘ading having then been ^lone 
in the mills, where it could be done more efficiently than in the metallurgical works. 

The metallurgical problems W'ere solved by the introduction of improved methods 
of handling, dust catching, and roasting, more particularly desulphurization, in 
which the introduction of the sintering process played an important part. 

The zinc smelters were thus constrained to modernize their plants in these ways, 
at great cost. Soon, following such modernization, came the introdiK’tion of the 
New Jersey Zinc Co.’s process of distilling continuously in vertical r(‘torts and th(j 
continuous clectrothermic process of the St. Joseph Lead C’o. 

Further innovations were the process of refining crude spelter by fractional dis- 
tillation, invented and introduc(d by the New Jersey Zinc (’o., enabling the distiller 
to produce zinc of 0.9999 finerujss, which was required in th(‘ di(‘-casting industry 
that had been growing by leaps and hounds, and which had previously been supplied 
by the electrolytic zinc producers by superrefining of tlndr solutions and the use of 
silver-lead anod<\s. Another innovation in practice, although it w'as not new^ in con- 
ception, was the more general dezinking of slags and retort residues by burning the 
zinc out of them either by the Waelz furnace or otherwise and returning the zinc 
oxide fume to further processing, which made possible nearly 100 per cent extrac- 
tion of the zinc from most ores, although of course at additional cost. 

Since 1925, the old process of intermittent zinc distillation havS survived by virtue 
of improvements, but there has been no new plant of this type built, except Dumas in 
Texas. The zinc-distilling plants of the United States using natural gas as fuel have 
survived, contrary to expectations 15 years ago, but their fuel cost has in(!rease(l. 
Additional zinc-smelting capacity during the last 15 years has been (‘ithcr through 
the continuous-distilling process, or more importantly through further extension of 
the use of the electrolytic process. Tin; latter has been introduced in places as remote 
as Broken Hill in Northern Rhodesia, at FUn Flon in Manitoba, and at Cerro dc 


* This paper is a revision of the author’s contribution to the Rocky Mountain volume of the Aroeri- 
oaa Institute of Mining and Metallurgical Engineers. 

* pcasulting engineer, New York. 
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Pasco, high in the Andes of Peru, under conditions where beneficiation by reduction 
and distilling would be unimaginable. At the present time, we do not foresee further 
extension of the old process of zinc smelting, although we contemplate its survival. 

In view of these radical changes in the art, it appeared best not to undertake to 
revise the contribution of 1925, but rather to make use of my paper under the title of 
Intermittent Zinc Distilling from Ore that was published in the Rocky Mountain 
volume of the American Institute of Mining and Metallurgical Engineers. The 
privilege of free use of this copyrighted article was generously granted by the A.I.M.E. 

The article is now condensed somewhat and also amended it in such ways as 
have been necessary to bring it up to date. Moreover, the sections on continuous 
distilling and the processes broader in scope and defined as zinc burning are new. 

Some of the preliminary sections describing the travel of zinc ore up to and through 
the processes of desulphurization of course apply to the whole range of zinc pyro- 
metallurgy and also of its electrometallurgy. 

Unloading and Handling Concentrates. — The millman de-waters the flotation 
concentratci as much as possible, especially to save freight, but it comes to the metal- 
lurgist as a stiff mud containing about 10 per cent water. In winter it may freeze 
in the railway cars, which may have to be passed through a thaw house in order to 
permit unloading. This may iiUTease materially the cost of unloading as an annual 
average. In the Middle West a brick house accommodating two box cars will thaw 
their contents in 24 hr. with the use of 3000 lb. of coal. Under prewar conditions, 
unloading by hand cost about 12 to 13 cents per ton; it was reduced to 6c. by mechani- 
cal unloaders, and raised to 40c. when the ore came frozen, which in a year might 
be to the extent of 10 per cent. 

Ore Storage. — Zinc nndallurgists who operate plants in close proximity to their 
ore supply, espe(!ially if the latter is a single mine, require less storage capacity than 
those situatiHl remotely from the ore supply, and especially those who receive ores 
from many sources. The arrangements for unloading ore, storing it, etc., are not 
essentially different from those obtaining in the metallurgy of copper and lead. 
Whenever the desirability of a mixture is indicated, it is generally accomplished by 
drawing from separatti bins. 

Drying. — Flotation concentrates, arriving with about 10 per cent moisture, have 
to be dried and screened, and perhaps comminuted to break up lumps. In American 
practice revolving cylinders, internally heated, are used for drying. Plate driers of 
the Lowden type are also used. For screening, the vibrating sieve is used. Dust 
loss and other difficulties are obviated if the drying is performed only to reduce the 
moisture content to 3 or 4 per cent, in which condition the ore is easily handled, letting 
the drying be finished by spreading the ore on top of the roasting furnace (see Chaps. 
II, III, and V). 

Roasting. — In American practice the Ropp mechanical furnace continues in use 
among the zinc smelters of the natural-gas fields. Among the zinc smelters which make 
sulphuric acid as a by-product there are survivals of the Hegeler furnace. However, 
»n all the modernized plants the roasting is now done with circular furnaces of the 
McDougall type, such as the W^edge, Herreshoff, Skinner, and W'arner-Ingalls. 
I'hese furnaces are built with hearths of about 20 ft. diameter inside and 7 to 16 
'•earths in height, the larger of these furnaces roasting as much as 50 tons per day to 
« ompletc desulphurization (much more than that if the desulphurization is not carried 
<’own so far) and delivering gas containing 5 per cent sulphur dioxide. 

In Europe, furnaces of the McDougall type are also in use, but in general the 
‘ nropcan roasting is done in Spirlet (mechanical) and Delplace (hand-raked) furnaces 
^ luur capacities are relatively small, say around 10 tons per day, but their efficiencies 

respect to fuel consumption, degree of desulphurization, and richness of sulphurous 
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gas are high, and they have been well adapted to European conditions, whereas they 
were unsatisfactory when tried in the United States. However, some of the more 
recent plants of Germany were implemented with furnaces of the McDougall type. 

Except for survivals of old construction, muffle furnaces have passed out of use 
in connection with blende roasting for sulphuric acid manufacture. The control of 
the gases from furnaces of the McDougall type is so good that they go directly to the 
Glover towers without need for dispersing separately the combustion gas from 
carbonaceous fuel. 

With most of the modern roasting furnaces, coal consumption ranges from 20 to 
10 per cent of the weight of the raw ore, varying according to the type of furriace and 
the quality of the coal. The best practice is nearer the lower figure than the higher. 
Instead of coal, natural gas or petroleum may be used. With petroleum Vs fuel, 
roasting may be done with 12 gal. per ton of ore, which would be equivahmt to about 
180 lb. of coal, or 9 per cent. For the purpose of enriching the gas in sulphur dioxide 
and increasing production of sulphuric acid, brimstone is sometimes burn(‘cl as a 
booster and plays the part of a fuel. The brimstone may be burned in a kiln feeding 
its gas into the ore roaster, or it may be burned in the roaster itself. 

Most of the sc^veral furnaces of the McDougall type diff(‘r only in details such as 
design of the rabbles and rabbling arms, their attachment to the central column, and 
the slope of the hearths. The Warner-Tngalls furnace is distinguished by having 
walls 18 in. thick, fiat horizontal hearths, complete circulation of the (tooling air 
through the rabbling arms, introduction of the cooling air at the top of the shaft and 
discharge? of it at the bottom (which is the reverse of the ordinary), transfer of tl^e hot 
air from the cooling arms through pipes into the four lower hearths, and feeding the 
ore through verti(?al drop pip(?s to a series ot hearths in stages. Through these means 
for the conservation of h(*at, blende may be d(?ad-roaste‘d without the use of any 
extraneous fuel. 

In all the modernized furnaces of the McDougall type, a great deal of the efficiency 
is realized from the burning of the ore as it showers from one hearth to th(' h(iarth 
next below. This idea was further developed at Trail, B.(\, by taking out the hearths 
of the Wedge furnace betw'eeii the uppermost and the bottom and letting the ore 
shower down. This is now described as shower roasting or flash roasting. It has 
the advantages of immensely increasing capacity, eliminating the costly maintenance 
of stirring mechanism, and otherwise reducing costs. These advantages are penal- 
ized by a large escape of dust from the furnace with the necessity for providing 
enlarged me?ans for its collection and re-treatment. 

At Avonmouth, in Great Britain, desulphurization is accomplished by making 
repeated passes of raw ore ovct a very large sintc*ring machine. 

In modem zinc metallurgical practice, blende roasting is done with the furnaces 
and adaptations of them alriiady described. Many of the varieties of roasting fur- 
naces formerly described are now obsolete, although survivals are still to be found in 
use in the older plants. The important thing is that blende roasting has been made 
autogenous, i.e., the heat of desulphurization is caused to do the work, and even with 
realization of a surplus of heat that may be utilized otherwise. 

The modern furnaces of the McDougall type are economical of labor and fuel, 
but require considerable cast iron and ferrochromc in the upkeep and replacemen i 
of their stirring arms and rabbles. In dead-roasting for subsequent zinc distillation, 
the use of iron and ferroalloy may be as much as 1 lb. per ton of ore roasted, abou^ 
half as cast iron and half as fcrrochrome. Operating labor may be 0.16 to 0.22 man- 
days and use of power, 13 to 15 kw.-hr. In roasting as a preliminary to electrolytic’ 
extraction, the temperature is lower and the requirements for iron are less. In ^ 
record of 100,000 tons of ore roasted, the use of cast iron per ton of ore was 0,33 lb 
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and of ferrochrome only 0.026 lb. In shower roasting all these quotients are reduced 
at the expense of increased cost of dust collecting. 

Sintering. — In the majority of plants treating sulphide concentrates, both in 
Europe and America, the ore is sintered preliminary to distilling. This is done for 
the sake of better desulphurization, which may be carried as low as 0.25 per cent 
sulphur, and for the sake of improved results in distilling, which follow principally 
from (1) the better desulphurization and (2) betterment of reduction. This improve- 
ment may have been of the order of 4 per cent; t.e., recovery of zinc may be raised 
from 86 to 90 per cent with reference to the same ore and same practice. However, 
this is not to be interpreted as a broad generalization; for a plant that was already 
enjoying good roasting would naturally experience hjss improvement by virtue of 
sulphur elimination than a plant in w^hich the roasting was not so good. In general, 
we had confirmation of the classic theory that one unit of sulphur holds back two 
units of zinc. 

On the other hand, the introduction of sintering carried with it some penalties. 
It introduced another process, involving the use of heavy machinery requiring atten- 
tion, power for driving, and upkeep. It introduced also a new outlet through wdiich 
zinc might escape. However, the total loss of zinc in roasting plus sintering may be 
as low as 0.5 per cent. In general, it will probably b(^ somewhat higher than 
that. 

In sintering there are two major practices of general use, and two more that are 
of special use, ?.c., employed in single plants or by single operators. The major 
processes are the original liigg method, in which the ore is preroasted down to about 
9 to 10 per cent sulphur and is then sintered. In the Ignited States this is Uvsed only 
at Barthisville. The other process is the Haelen method, in which the ore is dead- 
roasted, or nearly so, and then is sintered with admixture of 4 to 6 per cent carbon. 

In both these proct‘sses th(' gas that is drawn off from the wind boxes was originally 
so low in sulphur dioxide as to be useless for mamifa(‘ture of sulphuric acid, and with 
the Rigg method there was consequently a considerable loss of sulphur. At Avon- 
inouth, however, by the use a special seal (1928) covering the joint between the pallets 
and the wind boxes, dilution was reduced and gas of sufficiently good strength for 
sulphuric acid manufacture w^as obtained. This was improved elsewhere by making 
the pallets slide on a w^cll-greased track, mechanically oiled. 

The two special processes are those that arc used at Avonmouth and at Ovcrpelt. 
At Avonmouth, raw ore is desulphurized and sintered by repeated passes, to which 
reference has be(*n made heroin under Roasting. 

In the Overp(*lt process the ore is preroasted dowm to 5 to 7 per cent sulphur and 
i« then moistened with w^ater to w hich a small proportion of ferrous sulphate is added. 
The mixture is kneaded and extruded as threads about 4 mm. in diameter and 20 mm. 
long. After drying, these threads are delivered to the sintering machine, which 
is able to take a bed about 20 in. deep — ^manifestly much more than can be charged 
with fine ore. The purpose of the Overpelt process is obviously to increase the 
porosity of the bed. The sintering is so expedited that the production of 213 lb. of 
sinter per square foot of useful grate area per hour is realized. Desulphurization is 
carried to less than 1 per cent total sulphur, and a gas containing 5 to 5.5 per cent 
‘'Ulphur dioxide is obtained and usetl for making acid. 

In the United States the only sintering apparatus used is the Dwight-Lloyd 
^^traight-Iine machine, which functions like an endless belt, the pallets dumping at 
^'ue end. In Europe the Dwight-Lloyd straight-line machine is used extensively, 
^>ut there is also a considerable use of the Schlippcnbach, an annular machine, in 
‘ 'hich the pallets move in a horizontal plane above a ring of wind boxes and trip for 
' ‘ieir discharge in a blank segment. 
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There are some differences in control of the operation. Some metallurgists prefer 
to produce a hard porous sinter, while others prefer a soft friable sinter. This means 
that in one instance the ore is more extensively fritted than in the other, and of 
course the nature of the gangue ot the ore has a good deal to do with this. There 
are also differences in practice in respect to the degree of crushing the sintered cakes, 
the carefulness of sizing, the return of fines, etc. Iteduction of cadmium, volatiliza- 
tion, and loss of it obviously occur. By the addition of salt to the charge, lead may be 
chloridized and volatilized, the ore being thus purified. Such modifications have been 
the subjects of patents. Reference may be made to the following chapter on Cadmium , 
page 469. J 

Dust Collecting. — In roasting with multiple-hearth furnaces of the McDougall 
type the escape of dust attains large proportions, and with flotation concentmtes it 
may rise to 8 to 10 per cent of the weight of the raw ore charged. The dusty gas 
escaping from the furnace is commonly led through a brick chamber in which ^ good 
deal of the dust, perhaps 50 per cent, settles by gravity, and thence through a (Vktrell 
precipitator designed for hot gas; for of course the clarified gas must reach the (llover 
tower at a temperature high enough for it to function properly for sulphuric acid 
manufacture. 

In a few plants, dust collection is effected by means of improved Siroccos, w hich 
are highly efficient as dust colh'ctors from cool gas but in the course of time' operate 
with impaired efficiency on hot gas containing k^ad fume. Nt'vertheless, cham()er 
acid has been made successfully with no other means of dust n'moval. 

In roasting a blende containing cadmium and lead, a largt' part of the former and a 
considerable part of the latter are volatilized and recaptured in dust and fume. In 
roasting an ore containing 0.25 per cent cadmium, the cadmium may commonly l)c 
recaptured in the flue dust up to a tenor of 4 per cent, all of it as water-solubk^ sulphate. 
Lead is precipitati‘d in the Cottndl fume as sulphate. These products may become 
sources of cadmium and lead, respectively, as by-products. 

Conveying, Cooling, and Mixing. — The calcines discharged from th(i roasters arc 
conveyed aw ay mechanically by closed conveyers, good fornif- of w hich are the Jacol)y, 
the well-known endless-screw, and the push-plate. The calcines may be dischargcnl 
into a cooler, a long cylinder revolving in a tank of water, in which their temperature 
may be so reduced that they may be safely dumped into the bins or tanks from which 
the sintering plant is fed. Up to, and through, the sintering plant all operations are 
performed in enclosures wdthin which dust is confined or from which escaping dust 
may be recaptured. 

The calcintnl or sintered ore, cnishod and screened, is mixed with the desired 
proportion of reducing carbon and perhaps the addition of about 1 p(‘r cent of sodium 
chloride. The function of the latter and the practice in-respect of it wdll be discus.sed 
later. For reducing coal a good many materials are employed, largely accordir»g to 
availability and cost, e.g.^ anthracite fines or duff, coke breeze, a mixture of coke 
breeze and slack coal. Major considerations are not to have too much volatile matt(‘r , 
the minimum of ash, and the minimum of sulphur. As a reducing agent there is 
some difference in the activity of certain carbons. Charcoal would theoretically 
be the best. 

Reducing coal performs the double function of reducing zinc oxide and also acting 
as a sponge to hold up molten slags and so protect the retorts. In most American 
worlcs, the amount of reducing coal used is now 30 per cent or less. It used to be 
as hi^ as 45 per cent or more. In speaking of these percentages, we always mean 
tiie wet weight of the material rather than the dry weight of its carbon. 

The mixing is done mechanically, in substantially the same way as the mixing o* 
^ACrete. The same type of machine is employed for both. In American practice 
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the mixture is deposited in cars that are trammed to the furnaces, from which it is 
shoveled directly into the retorts. In some European practice the charge is deposited 
on the floor immediately in front of the furnace, and if blue powder and other between 
products are going to be mixed with it that is about the only way to proceed. With 
mechanical mixing the responsibility of the mix-room foreman is great, for thorough 
mixing is important. Even after that has been accomplished there is the possibility 
of resegregation in subsequent handling, considering that the mixture is composed of 
materials of quite different specific- gravity. 

Distilling. — In general i)ractice all over the world distilling is performed in a cycle 
of 24 hr., of wliich the maneuver (the operations of drawing spent residue, scraping 
of condensers, recharging, replacing condensers, replacing broken retorts, etc.) occupies 
5 to 2 hr., the latter being exceptionally low, and 4 hr. being about the lowest of good 
practice in general. Alter gas has been turned on, about 2 hr. is required for the 
performance of preliminary reactions, following which the condenser ^mes become 
purple and then begin to show tinges of green from burning zinc. The time of active 
distillation is therefore about 18 hr. ; the first quarter is a waxing period and the last 
(luarter is a waning period. Manifestly, the greater the celerity of performing the 
maneuver, the longer is the p(*riod of active distilling, but of course the temperature 
gradient is an important correlative factor in all this. The cycles might be prolonged 
from 24 hr. to 30, 32, 30, or 48, and improved recovery w’ith less breakage of retorts 
may be obtained, but with some increase in co.sts and with ingenuity in the arrange- 
ment of human att<'nti(m. All these cycles have hevn tried tentatively, especially 
in plants in Oklahoma, and at present at least two plants are operated on a 48-hr. 
cycle. 

The smelteries of Oklahoma operating on a 48-hr. cycle have raised their percentage 
of zinc extraction from about 90 to about 94, comput('d on th(‘ basis of the zinc con- 
tent of sintered ore entering into the charge for distilling. This improvement is 
accomplished at some increase in cost for labor and fuel, but not so much as to prevent 
a n(it gain from the operation. The improvement in zinc recovery is ascribable to 
better comhuisation, resulting from the slower and more regular delivery of zinc 
vapor from the r(‘tort, thus ameliorating the bad proportions between retorts and 
coud<*nsers that are inhenmt in the American type of Belgian furnace and 
also the absence of prolongs, the use of wliich our labor conditions do not 
permit. The cost of fuel per ton of ore increases only moderately, owing to the lower 
furnac(‘ temperature. Gas per ton of ore for 48 hr. is about 1.3 times wdiat it is for 
24. The cost of labor also increases only moderately, because in the intervals between 
the maru'uvers (every other day), there is on duty only a metal drawer, and in firing 
^dth natural gas (as in Oklahoma) the labor of attending to furnace temperature is 
but slight. Finally, if a plant has a surplus of furnaces, its capacity is not diminished 
by using them in this way. P^xoept under such special conditions, the 48-hr. cycle 
does not appear to commend itself. 

Furnaces. — With but few exceptions the zinc-distilling furnaces of the world are 
now gas-fired and heat-recuperative in one w'ay or another. Gas is derived from 
gazogtmes, which are installed in batteries near the furnaces, or perhaps in a central 
plant from wliich it is piped to all furnaces. The gazogenes, or producers, themselves 
are of standar<l types, and as they are employed in great variety they need not be 
described h(^re, nor even mentioned. Palmerton to a considerable extent employs 
gas from its spiegeleisen blast furnaces, and Rosita has used coke-oven gas, both of 
which come to the same thing as a central plant. In the American Southwest, 
’latural gjis is employed. Distilling furnaces have been fired vrith petroleum and with 
'‘oal dust, but those have not been common practices and are of interest only as 
J^recedents. 
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Except for our American natural-gas-fired furnaces, almost all distUling furnaces 
are heat recuperative, indirectly if not directly. The Hegeler furnaces of the United 
States deliver their products of combustion through waste-heat boilers for generating 
the steam required in the plant, and the credit for that reduces the furnace quotient 
to a reasonable figure, perhaps as low as 1 ton of coal per ton of ore. The steam 
generation is usually short of the plant requirement for power and may have to be 
boosted by accessory coal-dust firing. Steam boilers ma y follow regenerative furnaces, 
but that is unusual and ought not to be necessary if the checkerworks are of adequate 
capacity, which is not always true. Of the truly recuperative furnaces, tl^e con- 
tinuous countercurrent system has surrendered to the alt(?rnating reversing, or Sie- 
mens, system. \ 

Of the reversing regenerative furnaces there are several major types, bux their 
number is not large in respect to differences of principle. In one major type! there 
are four checkerworks, two for air and two for gas. In another major type the^e are 
only two checkerworks, which are only for preheating air, and the gas producei^s are 
then preferentially put close to their furnace so as to deliver the gas with as much as 
possible of its initial heat. On the basis of these fundamental differences, furnaces 
will be distinguished according to the movement of the gas currents within their 
combustion chambers. 

The original Siemens furnace (known as the Auby birnace) has four checkerworks, 
and the gas and air issuing from their ports rise and descend alternately over a middle 
wall. Furnaces of this type are useni at Kose Lake (Fairmont C'ity) and Palmerton 
in the United States; at Stolberg (Hirkengang works) and elsiiwhere in Europe; 
indeed, quite generally in Oermany. The Welzer furnace has four checkerworks, 
from which the gas and air reverse in alternate directions. This furnace is used at 
Overpelt and Lommel, in Belgium, at Uethemannhuette in Upper Silesia, and else- 
where. The Tanu'r furnace that was d<*veloped at Sclaign(iaux is a modification 
of the Welzer and is used extensively at other plants in Belghim and in the north of 
France. The Van Guh^k furnace has checkerworks for predicating air only. The 
gas and air reverse over a middU* wall, as in the Auby furnace. The Van Gulck 
furnace is used at Avonmovth and at Swansea and formerly at Mortagne. 

The Dor-Uelattre furnace, which was developed at Budel, also has checkerworks 
only for preheating air. It is distinguished from all other distilling furnaces. Instead 
of having the checkerworks in the inferior structure, the Dor-Delattre has them at the 
end of the superior structure and conveys the gas and air through longitudinal canals 
above the combustion chamber instead of beneath it. In the B(»rzelius w^orks at 
Duisburg the furnaces are of similar design. Asturienne has Dor-Delattre furnaces 
at Auby and at Aviles (Spain), and w hen Vicille Montague rebuilt Flone and Valentin 
Cocq it adopted this form of furnace. The Dor-Delattre design permits the checker- 
works to be built of adequate capacity, only at the expense of floor space; whereas 
when they are built in the low^er part of the furnace, they are subject to certain 
limitations and frequently are not made large enough. The Dor-Delattre system 
may have some other advantages. 

Except the Dor-Delattre furnace, all the regenerative distilling furnaces have their 
checkerworks in their substructure. As to their superstructure it is now difficult to 
classify sharply between the Belgian and the Rhenish type, for whereas some furnaces 
exist in their purity, there are many that share the characteristics of both types. 
The Rhenish furnaces of P)urope have commonly 216 to 288 retorts of 2 to 3 cu. ft* 
internal volume, arranged in three rows, the two fronts being divided into closets, 
each containing the condensers of two retorts. The Belgian furnace has retorts of 
smaller volume, say 1.5 to 2.2 cu. ft., and more of them; the Dor-Delattre has 432, 
arranged in six rows, but five-row furnaces are more common. In the United StatCN 
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our Hegeler furnaces have commonly 608 retorts in four rows. The Neureuther- 
Siemens furnaces have commonly 800 retorts in five rows. In general, the tendency 
in the United States has been to reduce the number of rows to four, especially in the 
Hegeler and natural-gas-fired furnaces. American metallurgists generally stick to 
the cylindrical retort, but some have adopted retorts of elliptical cross section, and 
in certain instances their axes are as large as those of the Hhenish retort. In all 
American furnaces the inner ends of the retorts rest on ledges projecting from the 
middle wall. Such construction also obtains extensively in Europe, but with the pure 
Rhenish furnaces there is no middle wall, the arch springing from face to face, while the 
inner ends of the retorts rest on the ledges of a perforated wall or banquette, which with 
retorts of great length, up to 72 in., and even 78 in., when an intermediate support of 
the same nature is provided. In American practic^e, retorts longer than 54 in. are 
seldom to be obsc^rved, although we do go up to 60 in. 

Even with the purely Belgian furnaces the devaniure (the front stmeture) is deeper 
in Belgium than in America, f.c., the condensers do not stick out so far beyond the 
plane of the face of the furnace. The Dor-Dclattre furnace has a shield that can be 
pulled up or down, more or less like a Venetian blind, protecting the front of the fur- 
nace against drafts of air. The same thing was in the mind of E. C. Hegeler when he 
s\irrounded his entire furnace with a curt^ain of sheet iron, which also is to be seen at 
Danville. The Rhenish furnaces usually have hoods extending along each front of 
the furnace, conn(‘ctijig with a main, through which noxious gas and fume are drawn 
off. Escaping zinc oxide, chlorich’, etc., may be recovered from this system, but trials 
in the way of doing so have d(?monstrated that it is not worth while. The prolongs 
themselves are (‘ff(‘ctive colh'ctors. From a European zinc distillery there docs not 
hang the great cloud of white smoke that hovers over many American plants. 

The essential requirements of a distilling furnace are economy of fuel, uniformity of 
temperature, and such arrangc'ment of inlets and outlets for gas, air, and combustion 
products that they do not become clogged with dripping slag, dust, etc. Economy 
of fuel results from the proper proportion of retort spa (‘0 to combustion chamber, 
and of checkerworks, together with avoidance of excess of secondary air. Uni- 
formity ot t(;mp<'rature is accomplished by the proptT distribution of combustion and 
restriction of the alternating travel of the burning gas. In any reversing regenerative 
furnace, whether the currents are up and down, down and up, or end to end, there 
will be a neutral zone midway, where the furnace temperature will be slightly inferior. 
In the old Siemens furnace this zone will be above the middle wall, where there may 
be a fall of 50'’C\ in the furnace temperature. The metallurgist aims to achieve an 
cv(*n glow of white heat throughout the combustion chamber. In furnaces of the 
Welzer type (end-to-end reversal) the neutral zone is probably reduced to the mini- 
mum, for the gas and air enter alternately through ports almost up to the median 
transverse line. 

Plant Layout. — Modern zinc-distilling furnaces are built entirely above ground, 
except for their foundations, and are attended from the xipper floor. The residues 
drop into side pockets, from which they slide into cars to be trammed away. Borne- 
iimes a mechanical conveyer is provided for that purpose. American furnaces ot 
'he Hegeler type and those in the natural-gas fields still have ash tunnels under them 

through which residues are removed. • i av. 

In European plants the furnaces are commonly lined up end to end with the 
^^tort- tempering ovens between them, several furnaces being grouped in a hall. 
Such a layout exists at Palinerton, but elsewhere in the United States the furnaces 
Jc laid out in parallel, each in its own house, except in the natural-gas fields, where 
^hcre are two per house. In the vernacular of those district^j, the separate furnaces 

called “stoves,” a pair of them still being regarded as a block. 
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Most zinc-smelting plants having been evolutionary, there are to be observed in 
them unbalances among functional departments and irregularities in equipment, 
such as furnaces of different types, different sizes of the same type, and different forms 
and sizes of retorts in the same furnace. Sometimes metallurgists (consider that 
they have good reasons for variations; i.c., elliptical retorts in the lower three rows and 
cylindrical in the upper two may be held advantageous for certain furnaces and 
certain ores. The ideal plant has all functions in balance in multiples of two and all 
parts alike in each department. Thus, there may be four roasters, four acid systems, 
two sinterers, and eight distillers, with no bottlenecks among the several departments. 

Retorts and Condensers. — The essential features of the process of distfflling in 
the intermittent w’ay are the retorts and condensers, which are made in a separate 
factory of the plant that in the American vernacular is called the “pottery.’’ \ From 
this the retorts, after seasoning (drying), are delivered to the distilling furnacbs day 
by day as required, and after tempering in a near-by kiln, where they are biVnight 
slowly up to the bright red heat, or as nearlj^ to furnace temperature as possible, 
they are drawm out for making replacements in the furnace. 

The batch for making retorts is a mixture of burnt (‘lay (chamotte, grog) coarsely 
crushed and of raw fat clay in proportions of 50:50 to 60:40. The chamotte forms 
the skeleton of the concrete and the plastic raw clay is the binder. The more clia- 
motte, the stronger is the retort; the more fine clay, the h^ss porous is it. A physical 
balance has to be struck. There are also chemical considerations insofar as the 
character and composition of the clays, together w'ith other materials, may be* adjust ed 
to the character of the gangue of the ore, from which slags will rt'sult. Tf the gangue 
is siliceous, the retort should also be strongly siliceous; if the gangue is basic, either 
from iron or lime or both, the retort should be aluminous or inert. 

In accomplishing such purposes, substitutions for parts of the chamotte and clay 
are made. A common substitution almost everywhere in Kurope is the introduction 
of coke dust, which should be as fine as possible, to the ext(mt of 10 or 15 per <‘ent, 
but in America this is scarcely ever used. The coke dust tends to give the retort 
somewhat of the qualities of a graphite crucible. Anoth(*r substitution is the introduc- 
tion of some granular quartz, for the purpose of making the r(‘iort more 8ilic(»ouH. 
However, inasmuch as quartz has a higher coefficient of expansion than clay, the 
grains of it tend to have a rupturing effect when the retort is heated This is counter- 
acted by adding the silica in the form of flour, which during recent y(*ars has been 
widely adopted in American practice. A mixture might l>e, for example, 25 pei cent 
chamotte, 25 per cent silica flour, and 50 per cent clay. Such retorts liavc done v(‘ry 
well with siliceous Joplin ore. Another innovation has been the use of carborundum 
retorts, c.g., 65 per cent carborundum and 35 per cent clay, which has occurred both 
in Europe and America and has offered the theoretical advantages of better heat 
conductivity and long life. With the retort of unchanged diameter, other conditions 
remaining the same, the better conductivity may increase zinc recovery by 2 per 
cent; or the diameter of the retort may be increased (as at Amarillo and Rosita) and 
heavier charging may be accomplished with undiminished zinc recovery. The life 
of the retorts may be tripled. With ferruginous ores and furnaces fired with pro- 
ducer gas, however, ventures with (carborundum retorts in some instanccjs hav<' 
been quite disastrous, the retorts suffering corrosion from the o\itKid(‘ as well as from 
the inside. Naturally, the carborundum retorts anj much more costly than the clay 
retorts. The carborundum retort is therefore a utensil of occasional rather than of 
g(meral use. 

With all types of retorts, it is obvious that the thinner the wall, the better the 
conductivity. Practice has everywhere for a long time settled on a wall thickness of 
about 1 in. and a butt thickness of about 2 in. As among the ordinary clay retorts 
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the graphitized retort, and the silica-flour retort, there does not seem to be any material 
difference in conductivity as determined by pyrometric observations or in the way of 
zinc recovery apart from the matter of breakage. 

In cross section and dimensions the retorts that are used at present are of wide 
variety. The commonest form of the Belgian retort is circular, 7}4 to 8 in. in diam- 
eter, Extensively used also are retorts of elliptical cross section. While we so 
describe them, they are really two half-circles joined by a rectangle, which gives them 
straicht sides. Dimensions may range from I'O 7H in. for the short axis (width) 
and 9 to 12 in. for the long axis (height). As a general principle, reduction in width 
improves penetration of heat, reduces retention of zinc in the residue, and improves 
recovery. Height is not a factor in this. Reducing the width of a retort from 8H 'to 
8 in. brings about a striking improvement, from 8 to 7 3 further improvement, but 
not so strong, from 7^2 to 7 and from 7 to 63^ still further improvement, but at 
diminishing rates. In going below 7 in., there is increased difficulty in charging. 

Besides the circular and elliptical cross section there are also the muffle-shaped 
(not n)uch in use now) and the oblong (with rounded edges), the latter to be much 
comra(?nded. Different forms and dimensions may be produced by simply changing 
the die of the press. 

In length, inside dimensions, retorts nm generally from 48 to 72 in. In European 
practice they are longer than in American, for we seldom go beyond 54 in. The ability 
to charge well and mechanical strength are of course governing factors. We may 
consider ihv. retort as a hollow beam, constructed of fragile material, supported at 
each end and carrying a uniformly distributed load of perhaps 250 lb. at temperature 
of perhaps 1500°C^ 

The cross section of the retort and its length compound into cubic measure, or 
internal volume or capacity. In use in the United Stat(;s are retorts ranging from 
1.5 cu. ft. (old) to 2.2 cu. ft. In Europe in some Rhimish furnaces they are of 3 cu. 
ft. In general tluTO has bet'ii in recent years a tendency to increase volume for the 
sake of increa.sed charging. Rntorts 1.9 m., or 76 in., in length are on record. 

In all modern plants the retorts are molded under a pressure of about 150 atm. 
hy means of th(^ Mtdiler or Dor-Delattre hydraulic presses, which are improvements 
of tlie original Dor press. The molded retorts are transferred to the drying rooms, 
where they season by gradual loss of their water. As freshly molded, they contain 
12 to 15 per cent wut.cjr and an* introduced into the drying rooms at a temperature 
of 60 to 70'^E. With a gradual rise in temperature after the first 15 days, their water 
content will have been reduced to about 2.5 per cent at the end of 30 days, to about 
1 per cent at the end of 60 days, and to about 0.3 per cent at the end of 90 days, the 
temperature being grad\ially elevated to something like 130°F. 

Practice varies in respect to the speed and duration of drying. Some metallurgists 
use their retorts after a month of drying, while others insist on 3 months, or 4 months, 
with a slow’^ increase of temperature. There are records of substantial increases in 
retort life as a (consequence of care and patience in this particular. At the best, a 
retort of clay or other refractory material is an imperfect vessel, being subject to 
porosity, to microscopic cracks, and to differences in strength when regarded as a 
beam. Retorts may be tested by closing them with an airtight cover, pumping mr 
into them imder pressure, as into an automobile tube, and painting the exterior with 
a solution of soap. Loss of prc'ssiire, which is always rapid, correlates with develop- 
ment of soap bubbles on the exterior, which are uniform if the retort is homogeneous, 
but irregular if there are microscopic rents, w'hich let the air out very quick y. In 
order to counteract porosity, the retorts in European practice are commonly dr^ed 
inside and out with a slurry of powdered glass and soda, or similar composition which 
upon burning glazes the retort. Such glazing is seldom done in American practice. 
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In pugging the mixture of refractory materials and cutting it up into blocks for 
introduction into the press, care is taken to avoid trapping air or to allow for its escape 
before pressing. Otherwise, it may be entrained in the molded retort, and may even 
appear as blisters, impairing the quality of the retort. At Donora, the Wettengel 
pug mill has been modified by interpolating a vacuum chamber between the com- 
pression zone and the extrusion barrel and thus de-aerating. This has been found 
to increase the mechanical strength of the retort, increase its density, reduce drying 
time, and increase life in furnace, at an immaterial increase in costs for the power 
requirements for the vacuum pump. / 

Condensers are made from mixtures of clay as for retorts, but inferior grapes are 
uso>d, and old retorts, cleaned of slag and crushed, often take the place of ch^iotte. 
In the United States, most condensers are of the simple conical form and arenmade 
by a machine that forces a conical mandril into a conical mold containing the reauisite 
quantity of clay. A belly may be produced in the tube by cutting out a gore\from 
the larger end and drawing the two sides together, which, of course, is handwork. 
Condensers have been made by machine molding, with a diameter at the large end 
that is greater than the interior diameter of the retort to which it is to fit ; it is reduced 
to fit by in\ erting the molded condenser into a conical ring, which is called “crimping.’' 
This produces a bottle-shaped condenser and may increase the intc'rior area from 300 
sq. in. to about 360. Many different shapes of cond(‘nsers have been, and are now, 
used. The more complicated they become, the more handwork is required. The old 
Rhenish condenser was a substantially rectangular tube, rounded at the top. The 
Dagner condenser, uscid in IJppc'r Silesia, is a composition of rectangular tubes. . 

In length the Belgian condensers vary from 18 to 24 in , while the Rhenish and 
Silesian condensers were about 36 in. long. Recently, some of the Belgian metal- 
lurgists have increased the length of their condensers, even to as much as 36 in. This 
subject is complicated and will best be discussed further on when furnace operation 
is considered. 

Condensers are sometimes burned prior to use and sometimes are used unburned. 
Either way the breakage of them is large, and as will be sc^en subsequently, this is a 
very important matter. The breakage is partly mechanical, from careless handling, 
and partly chemical. The latter is evinced by splits occurring while the condenser 
is in place and not being handled, such as a longitudinal rent or a ring rent that may 
let the nose fall off. Bpecks of iron oxides in the clay and the action of hot carbon 
monoxide may have something to do with this. 

Coal Consumption. — The records are generally not comparable, for they fail to 
take into account the value of the coal, the grade of the ore, and other variables, 
among which are both the type of furnace and the proportions of the furnace. The 
thermal efficiency of the best furnace is so low that large ^dianges in the charging may 
be made without affecting the quantity of coal burned in the producers, btit greatly 
altering the quotient of pounds of coal per ton of ore. The temperature of the prod- 
ucts of combustion escaping from a regenerative furnace to the chimney is not even 
a true gauge, for though a temperature of SOO^'C. looks good the volume of the wasting 
gases may be too high, which it always will be if the excess of secondary air is too 
great. 

Our practical deductions therefore are quite empirical, A Hegeler furnace dis- 
tilling ore of 70 per cent grade with gas produced from coal of 13,000 B.t.u. may 
give a figure of ton per ton of ore, which with a steam credit of one-third may be 
reduced to 1 ton net. On the same grade of ore a regenerative furnace with coal of 
12,000 B.t.u. may give a quotient of 1.1 ton, which perhaps might be reduced by 
heavier charging. With the best regenerative furnaces and the best practice, coal 
quotients of 0.9 and 0.8 are rather common. One furnace is known that with coal 
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of 13,000 B.t.u. used only 0.72 over a month. These figures are very different from 
those of the old direct-fired furnaces that used to consume 3 or 4 tons of coal per ton 
of ore. However, when we look at the New Jersey continuous furnace and see 
quotients like 0.5, we arc conscious that we still have some distance to go. We should 
not overlook that in intermittent distilling there is a period of 6 hr. or so, including the 
time of the maneuver, when the furnace has to be kept hot without doing an}’’ directly 
useful work, whereof 0.8 ton in one case and 0.5 in the other are not perhaps very 
much out of harmony.i We may also be cognizant that the intermittent furnace, 
having to rework a large proportion of intermediate products, is required to do the 
same work twice over. 

Reduction and Condensation* — The zinc oxide of some ores reduces more easily 
than that of otluT ores. One of the advantages of sintering has been improvement in 
that respect. The activity of tlie carbon employed as reducing agent also plays a 
role. Apart from such differenc(\s, the controlling factors in reduction are tempera- 
ture and time, which are correlative. Time may be increased by shortening the 
maneuver or extending the cycle to something more than 24 hr. Temperature is 
limited by the durability of the retorts and the stability of ihi) furnace. In European 
practice there are maximum temperatures of 1400 to 1500°C.; in American practice, 
1300 to 1400°, but rarely as high as the latter. These are temperatunss in the com- 
bustion (4iamb(ir; inside a clay retort with a 1-in. wall the tc'mpcraturo will be 100 
to 200° lower. I'he front ends of the retorts, resting on shelves, will not be so hot as 
furth(*r in, conseqmmtly there will be poorly reduced ore in that place. C'arborundum 
Hitorts, because of their sup<»rior conduc.tivity, run hotter toward the front than do 
clay retorts. 

When th(i redu(d.ion of zinc begins and the vapor starts to come over, the prelimi- 
nary reactions hav(! not been fully completed and the gas is high in carbon dioxide, 
which as the temperatur(‘ falls in the condenser acts oxidizingly on the droplets 
of zinc and produces blue powder, from which we anj never entirely immune, 
although in the course ol time the gas discharges with only about 1 per cent carbon 
dioxide. The blue powder, which to th(i naked eye is merely an impalpable dust, 
really is composed of microscopic globules, which show frostings and sproutings of 
zinc oxide that prevent the globuhis from coalescing. Amelioration of this is the 
rationale of the addition of about 1 per cent of sodium chloride to the ore. Volatiliz- 
ing it is intended to dissolve the zinc oxide as chloride or oxychloride and so clean 
the pellicles of zinc and allow them to melt dowm. Probably that occurs. Anyway 
zinc chloride* is found in the prolong dust. This spells a loss of zinc, though perhaps 
no more than will be suffered in redistilling a larger quantity of dust. At all events, 
the addition of sodium chloride to the ore is not essential and in some practice has 
been abandoned. In the absence of salt, the condenser flame is of course deprived 
of the sodium coloration, which is a guide to old-time furnacemen. 

The observation may be made that in American practice it is common to ^‘stuff 
the condensers, f.e., partly to close their outlet, allowing the gas to escape through a 
small hole, which is kept open by constant “spiessing.” This gives a certain internal 
pressure in the retort and condenser, and if this becomes too much, through inatten- 
tion, the gas and vapor may break out through the luting around the joint between 
condenser and retort. When prolongs are used on the condensers, they are open. If 
the prolong is on tightly, the gas escapes through only the small hole near its end. 

A logical condenser is a long pipe folded in zigzag and enclosed in a closet whose 
temperature can be controlled, as in the Dagner condenser of the Silesian furnace, 
l)ut this is not easily applicable to a furnace of more than one row of retorts or to the 

^ In using this illustrative quotient for the continuous furnace, I have in mind data prior to utilisa- 
tion of the gas escaping from the condenser. 
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practice of daily taking down and putting up. The Belgian and Khenish furnaces 
with condensers registering with the retorts are restricted in length by thermal condi- 
tions, which is not, perhaps, of great importance inasmuv;h as lengthening may not 
add much to internal superficial arc^a; and increase in girth is restricted by lack of 
room and difficulty in getting at the joint for luting, etc. 

As the internal volume of the retort is increased and the density of charging is also 
increased, there should be a corresponding increase in the capacity of the condensers. 
With a retort of 1.75 cu. ft., the condenser may have 300 sq. in. of internal surface. 
With a retort of 2 cu. ft, the internal arc^a of the condenser may be 400 sq. ini The 
latter is about a practicable limit. These are onl.v rough guides. The correlation 
between volume of retort and (jondenscr surface is naturally affected by the qilantity 
of zinc that is charged into the retort and the evenness in distilling it. \ 

Charging. — Tlie practice of keeping up the condensers and charging through \them 
by spoon prevailed extensively in Europe until recently, but most works haveWne 
over to the Bcdgian practices of making a condenser that fits the retort, taking it aown 
and putting it up ('V(iry day and filling the retort by throwing in the charge. 

The charger has om* of the very n'sponsible positions. His work is arduous. The 
idea of substituting mechanical charging for hand charging has consequently been 
engaging. Numerous mechanical chargers have been designed and applied on a 
regular working scale. Th(;se may be generaliz(‘d as slingers and shooters, the former 
being designed to throw in the charge and thc^ latter to shoot it in. 

In general, the conclusion has been that with mechanical chargtTS there is no 
material gain either in labor saving or in efficiency of performance, and that when 
first cost, upkeep, etc., are considered, they are not worth while. At Bothern (in 
Belgium), however, the Dor-Delattre charger, which shoots in the charge, continued 
in regular use for a good many years. It put 13,000 lb. of ore into 210 reports in 20 
min., and reduced the total time of the maneuver to 2 hr., leaving 22 hr. for distilling. 

Density of Charging. — Much attention has been given to increasing the (hinsity 
of the charge, which means increasing the number of pounds of oni introduced per 
cubic foot of retort volume. Accomplishment of improvement in this direction 
depends on several factors, among which are (1) the specific gravity of the ore; (2) 
proportion of reduction material mixed with the ore, for obviously the less rc^duction 
material, the more room there will be for the ore; (3) care with which tlie charge is 
thrown in, avoiding cavities; and (4) force with which the charge is thrown in. An 
expert charger can throw a shovelful of charge into the retort with such force as to 
break its butt. A mechanical charger can put a quantity of ore into a giv(‘n retort 
that in comparison with the best hand-charging is almost unbelievable, and can do it 
so densely that a strong man is unable to drive in the spic^ss rod. Such excessive 
density of charging may introduce more zinc into the retort than, after reduction and 
vaporizing, the condensers are able to handle; therefore recovery of zinc may be 
impaired rather than improved. Up to this critical point, however, increase in 
density of charging is beneficial from the standpoint of metallurgical rt'actions in the 
same way that a briquetted charge may be beneficial. 

In American practice, charging sintered ore weighing about 105 lb. per cu. ft., 
mixed with 30 per cent of reduction coal, wet weight, about 55 lb. of ore per cu. ft., 
or 110 lb. in a retort of 2 cu. ft. capacity, is charged; here and there that figure is 
exceeded. 

Furnace Charging. — Although density of charging per retort has a good deal to 
do with the charging of the furnace as a whole, the siibject^s are two diffejrent things, 
although this is commonly overlooked, and the two expressions are commonly con- 
fused. The zinc that is reduced and vaporized is not wholly condensed direi^tly as 
spelter. We may get 65 to 70 per cent of it as direct spelter, the remainder as zinc 
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dust, blue powder, which must be redistilled. Besides the blue powder that is 
skimmed from the ladles and recovered from the prolongs, there are other between 
products that must be redistilled, including the imperfectly distilled ore remaining 
in the front end, perhaps 10 per cent, of the retort, which in American vernacular is 
called the “sample’' and in the Belgian vernacular is called the gueuleSy or “throats”; 
the cleanings from the condensers; and the cleanings from the pans on the floor along 
the front of the furnace. In good practice these collections may aggregate 20 per 
cent of the weight of the original charge; in careless practice they may run to 30 per 
cent. 

In American practice this entire collection is described as blue powder. With the 
H('geler furna(^es it is recharged into the sections of retorts at the chimney end of the 
f urnace. W' ith the Sienums f urnac(i it is charged into the uppermost row of the retorts. 
In Europe it is more generally mixed with the ore. In occasional practice it is 
reserved and r(*distill(;(i in a separate furnace. IVhatevcr the method, it occupies 
furnace room, inert^ases the fuei and labor quotients per ton of ore, and subjects a 
certain portion of the zinc to a renewed opportunity for loss. 

Translat-cul into terms of furnace cliarging, if a furna(;e of 600 retorts, or 1200 cu. 
ft., should be chargt'd fully at the rale of 55 lb. per cu. ft., ft would receive 72,000 lb., 
hut if only 480 retorts can be charged wdth ore the total is 52,800, and if only 420 can 
be charged with or(‘ the total is 40,200, and all the quotients are altered accordingly. 
The furnace charging is therefore a composite of the density of charging and the 
proportion of between products. 

'fhese illustrative computations are exclusive of old condensers, wdiich may be 
crushed and added to the charge or may be crushed and jigged and the concentrate 
added to the charge; or the concentrate may be accumulat<Hl and be distilled sepa- 
rately. All these practice's are to be observed. 

Losses in Distilling. — In present good practice, distilling sintered ore, the recovery 
of zinc is 90 per cent plus, ex(*lusive of recovery that may be realized by the use of 
prolongs and of additional recovery by re-treatment of residues in one or more ways. 
Kqiially good recovery is accomplished from ore wdth irony gangue, or limey, or 
simple quartz if suitable adjustments are made by the metallurgist. 

In considering the subject of zinc recovery, it is important to examine the W’ays in 
w'hich loss of zinc occurs in distUUng. Most important is its retention in the residue. 
Apart from that, the losses are scattered: absorption by retorts, retention by con- 
densi'rs, (*scape from condensers (if prolongs are not used), filtration through retorts 
and leakage* by retorts bn*aking, contributing to loss up the (*himney (wdiich is a loss 
that is very difficult to measure). There is some recovery of zinc from dust and fume 
depositing in checkerworks and settling on furnace tops, but both are troublesome. 

The loss is aggravated by the exigency of redistilling some between products. 
For example, we might expect to obtain 70 per cent of the zinc of the ore as spelter 
and 22.5 per cent as between products divided approximately as follow's, in ladle 
skimmings, 16 per cent; in condenser cleanings, 2.5 per cent; in pan cleanings, 1.5 per 
(‘ent; in “sample” (or throats), 2.5 per cent; all these being aggregated as “blue 
powder.” Upon redistilling we may get from them 20 per cent (with reference to the 
ore charge), and the zinc recovery will be 70 per cent -f 20 per cent « 90 per cent. 
The ultimate loss of 10 per cent ma> then be reckoned approximately as shown m 
the table on page 458. 

The residue may amount to 30 per cent of the ore charged and assay 13 to 14 per 
^ent zinc. Nearly half of its zinc content may be in oxidized form capable of being 
reduced. Daily loss of condensers was 15 per cent. Each discarded condenser 
contained about 7 lb. of zinc. By crushing and jigging, about two-thirds of its zinc 
could be recovered in a concentrate assaying about 70 per cent zinc, of course at a 
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certain cost. This salvage is not included in the analysis of recovery and loss. The 
absorption of zinc in retorts is computed on a basis of daily loss of 3.33 per cent (cor- 
relating with 30-day life). Each discarded retort carries away about 6 lb. of zinc. 
The loss of zinc escaping through the chimney is computable only by difference. It 
is more or less proportionate to the percentage of breaking retorts. 


Direct spelter 

Blue-powder spelter 

Total spelter 

Zinc in ore residue 

Zinc in blue-powder residue . . . , 
Zinc retained by condensers . 

Zinc absorbed in r(?torts 

Zinc escaping from condensers. 
Zinc escaping through chimney 
Total accounting 


70.0 
20 0 


90 0 
3 8 
1.2 
2.3 
0.6 
0.5 
1.8 




100.0 


\ 


Many zinc-distilling balance sheets will be more or less in harmony with this. 
With the use of prolongs, the loss of zinc by escape from the condensers is practically 
excised. The loss of zinc by absorption in the ndort is negligibh*. Old condensers 
generally assay about 30 per cent zinc, and the greater tlie breakage^ rate, the more 
do they carry away. Although the larger part of such zinc may be regained, there is 
additional cost, both for milling and distilling. 

With r<5generalive furnaces there is some recovcTy of ziric from the checkiTWorks 
when they are cleaned. In one plant this averaged 26 per ctmt zinc by assay and 
figured to 0.3 per cent of the zin<^ in the ore charged. Cleaning of the tops of the 
furnac('s also gives a product assaying af)OUt 26 per (’('iit zinc and ae(‘ounting for 0.2 
per cent. This dust is used in the mixtures for stuffing and luting condensers, and so 
finds its way back into the blue powder. 

The primary r<‘covery of 92.5 per cent of the zinc that will bo reduced to an ulti- 
mate recovery of 90 per cent, as already outlined, suggests that something better may 
be done with the blue powder than redistilling it in the primary furnace, w'henHif 20 
to 30 per cent of its cubic feet of internal volume is oc^cupied for this purpose. This 
is emphasized if, as in some Europ<*an practice just prior to the war, the size of the 
retorts and the density of charging are increased so that no practicable condenser 
can be attached for the maximum collection of zinc and the only expedient is to 
increase the collection of zinc as dust in the prolongs. Such collection may exceed 
ability to market zinc dust. A rational expedient is then to apply the Thede process 
of nibbing the zinc dust in a heated revolving cylindoMO that the cleaned zinc will 
melt down, this being similar to the Cornelius process used in Sw cjdcn (sec the sections 
on Zinc Dust and Pilectrothermic Smelting at Trollhiittan). This illustrates moreover 
the wide diversity of the factors in intermittent zinc distilling that must be considered 
and correlated in harmonizing any works practice. 

According to Dr. Thede, describing the practice at Miienstorbusch, Stolberg, 
Germany, where his process was introduced, the separate treatment of zinc dust costs 
only one-tenth as much per pound of spelter produced as redistilling, and with a 
smaller loss of zinc, so that recovery of zinc on the basis of the content of ore originally 
charged is raised to 95 per cent. The loss of zinc in the Thede process itself is small 
and chiefly mechanical. Moreover, by keeping the dust spelter separate the cadmium 
content of the direct spelter is reduced. 

Metal Drawing. — Spelter was drawn from the Silesian and the original Rhenish 
cemdensers only once during 24 hr. With the smaller Belgian condensers, more draw?. 
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were necessary, and even more as the fi^ade of the ore increased. In American 
practice, four draws are the common daily routine. 

In quantity the draws vary according to the period, correlating with the activity 
of the distilling. The following is more or less typical of the draws in American 
practice: 


Draw 

From calcines, 
per cent 

From sinter, 
per cent 

Time 

First 

23 

22.2 

2 . 30 P.M. 
7.00 p.M. 

Second 

29 

29.4 

Third 

29.6 

29.0 

12.30 A.M. 

Fourth 

18.4 

19.4 

6.30 A.M. 


'Total 

100.0 

100.0 



This introduces the subject of the temperature gradient, or what may be plotted 
as the furnace thermograph. This is more or less variable according to the operating 
conditions. Beginning at 1000 to lOSO^’C. with ‘‘gas on^^ and immediately after 
completion of the maneuver, it may rise in a straight line, or in a slightly arched line, 
with different speeds. With a rapid rise the maximum, 1330°O., may be attaintid at 
11.30 p.M. With a slow rise it may not be attained until 2.30 a.m. The rate of 
reduction naturally correlates with the thermograph. After the maximum has been 
attained, it is held level for several hours» or until the distilling of zinc is distinctly on 
the wane, nearing its end, when the temperature is allowed to fall to save retorts from 
being “butchered” when there is no longer an endothcTinit! reaction occurring within 
them. 

The temperatures suggested here are as registered by Seger cones inside an open 
retort. It is common practice to record furnace temperatures in that way, and tem- 
peratures in the combustion chamber by means of recording pyrometers. Even when 
the latter are used, however, the Seger cones afford a valuable check. 

In European practice the spelter is commonly drawn into small ladles by hand. 
With some furnaces, the lowest row of retorts is so near the floor that nothing else 
can be used. In American practice a large kettle carried on a car on the rails in front 
of the furnace is universally employed. The spelter is drawn directly into this. 
When the kettle is full, the metal is skimmed and then poured into a row of molds. 
There is no question as to the superiority of this method. 

Retort Residue. — After distilling has been completed, the spent residues must be 
withdrawn, usually by hand, but machines have been found useful in some plants, 
without becoming of general application. In some American practice a water pipe 
is introduced into the retort, letting out a little water, which immediately becomes 
converted to steam and blows out most of the residues. With the fluffy residues from 
Joplin ore this system works very well, but with a slaggy or “gummy” residue, it has 
to be hoed out. 

Some lead from a leady ore goes over into the spelter. A considerable proportion 
of it may be recovered by gravity refining, but that which is retained by the spelter 
adds to the weight of the latter and realizes the spelter price for good ordinary brands. 
Most of the lead and all the gold, silver, and copper remain in the residue. If the 
•'^ilver content is high, which has occurred with some ores, the entire residue may be 
passed on to the lead smelter. In general, however, the residue used to be jigged for 
5>oparation of its lead, together with the silver carried by it, if that were worth while. 
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The flotation process has been so effective in deleading ores that there is now but 
little need for recovery of lead from retort residues, but they are sometimes jigged and 
washed for recovery of undistilled zinc, unburn cd coal, etc. It is now a common 
practice to put retort residues through the Waelz process, bum out unreduced zinc, 
recover it as fume, and put that back into the charge for distilling. 

Labor. — In the management of the zinc-distilling furnace there are two systems: 
in the one commonly practiced in America, the furnace crew of 30 or so is divided into 
groups of specialists, each group perfomiing a single operation; in the other, which is 
in general practice in Europe, the furnace crew, which is always relatively small, 
is divided into squads, each of which takes charge* of the operation of a part of a 
furnace, a half or a quarter, collectively performing all the operations of the maneuver. 
After the maneuver has been finished, the furnace passes into the charge of the fireman 
and the metal drawers, w’ho work in the same way by either system. \ 

An American furnace of 008 retorts was charged w ith 24 tons (of 2000 lb.)\of ore 
and w^as atten(i(*d by a crew of 30 men, inclusive of gas producers but (‘xclusive ofVthose 
who removed residues from the ash pockets. This figur(*d to 1.25 man-days per ton 
of ore. Contemporaneously one of the most modern of the gas-fired furnac(‘s in 
Belgium received a charge of 11 short tons of ore and had a crew of 20 num, wdiic^h 
figured to 1.8 man-days per ton of ore. However, the Belgian furnace w^as operat(jd 
with prolongs, w'hich the American w’as not. 

These labor quotients are comtmted on the basis of roasted ore. On the basis of 
raw ore in a w ell-mechanicalized plant in the I'nited States, with furnaces fired with 
producer gas, the use of labor will hover around 2 man-days p(*r ton of ore. 

Refining. — Cadmium and lead both go over with zinc. Cadmium concentrates 
in the first draw' of spelter. I^ead is higher in the later drawls. Some grading is 
accomplished V)y keeping them separate. Draw’ing into the large ketth*s in American 
use, there is some equalization of the molten metal, but even so th(‘r(^ may be wide 
variations in the drawls from different parts of the furnace, especially from our Hcgeler 
furnaces that have so pronounced a drop in temperatures. 

By remelting the spelter it can be equalized, and the excess of lead settles out. 
This is the simple process of gravity refining. Kefining may also be done by redistill- 
ing, but that does not get rid of cadmium. The Kew' Jersey process of reflux refining 
enables ordinary spelter to be raised to four-nine grade and in this respect puts the 
old process of intermittent distilling on equal terms w ith electrolytic n'fining. 

The New Jersey Zinc Co.’s process of refining is a means of integrating in one 
operation multiple stages of fractional distillation and fractional condensation. The 
liquid metal and metallic vapor travel countercurrently through a column, the heat 
for boiling being supplied at the lower end of the column and the heat of condensation 
removed at the upper end. In practical application, spelter is melted in a pot w^hcnce 
it is introduced into what is called the ''lead column,” which comprises a series of 
superimposed trays of refractory material with staggered openings, permitting the 
liquid metal to cascade downward in intimate contact w ith metallic vapors ascending 
countercurrently. From the top of this rectifying column, zinc vapor passes into a 
condenser whence molten zinc issues into what is called the “cadmium column.” 
From the top of the latter, cadmium is condensed as a dust or otherwise as a cadmium- 
zinc alloy. From the bottom of the cadmium column, refined zinc is obtained. 
From the bottom of the lead column, the metal from which the zinc has been mostly 
boiled off is collected in a liquating pot which gives impure zinc to be recycled and 
lead and zinc-iron dross separated by gravity. 

The columns and their fittings are equipped from suitable refractory material 
A refining unit is of 15 tons daily capacity, operating continuously. Prime Western 
i^elter in this country, or g.o.b. metal in Europe, is raised to 99.99+ per cent zinc. 
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The direct production of this grade is about 96 per cent of the zinc in the feed; of the 
remaining 4 per cent all but 0.5 to 0.75 per cent is accounted for in the skimmings, 
dross, and other by-products. In connection with the New Jersey process of con- 
tinuous distilling, the feed metal is run directly to the refining unit. 

The New Jersey refining process is strongly patented and is used in the United 
States and in a few countries in lOurope under licenses. 

Zinc Dust. In the United States there was a prewar production and consumption 
of about 15,000 tons of zinc dust, also called zinc gray and blue powder, and in Europe 
a larger quantity. In h:uropc where prolongs are us<'d in the distilling of ore, the dust 
from them may be made commercial, and of a quality of 90 per cent zinc unoxidized, 
by sifting and grading. In general it is difficult otherwise to obtain such a grade 
directly from ore. 

In the United States the prewar specification for prime zinc dust was 96 per cent 
metallic zinc, all to pass a 300-mesh sieve, together with some requirements as to 
grading according to size ol particles. C^lose grading of size is more important than 
excessive fineness. 

Spelter was formerly obtain(*d from galvanizers’ dross and other metallic zinky 
material by distilling in large bottle-shaped graphite retorts, commonly about 36 in. 
long and 20 in. in diameter. Furnaces with a battery of such retorts, (jommonly oil- 
fired, are still in us(\ l^istillation of a charge requires about 18 hr. and a use ol about 
2 lb. of coal (or its equivalent of oil) p(T pound of dross and the labor of one man per 
shift per four retorts. 

Some spelt(;r is still produced in this way, but the quantity is greatly reduced and 
these furnaces are now used chiefly for the production of zinc dust, as being more 
profitable. 

The treatment of galvanizers’ dross and other zinc junk offers no very troublesome 
metallurgical problem, the zinc being simply boiled off and the vapor condensed either 
as spelter or as dust, the latter btnng accomplished by sudden chilling to a temperature 
of 320 to 415^C/., which precipitates the zinc as snow, so to speak, instead of as rain. 
For this puri)ose a cast-iron canister may be used, and one 2 ft. in diameter by 4 ft. 
in height may collect 200 lb. of zinc dust in 24 hr. Either for spelter or for dust a 
commercial recovery of 80 per cent is about wliat is realized from galvanizers’ dross. 
The loss is chiefly by retention in the residue of iron and lead that accumulates in 
the bottom of the retort until it is pulled out and broken up. There is a similar 
retention of zinc in connection with the cupriferous residue that accumulates in the 
distilling of zinc from old dicvcastiiig junk. 

The zinc du.st that is used by the (dectrolytic zinc producers is manufactured by 
atomizing molten spelter with a blast of air. There is a small production as a by- 
product from hot-dip galvanizing plants. In the modern technique of pipe galvaniz- 
ing, and especially that of electrical-conduit galvanizing, the present practice is to 
blow through the pipes and tubes with dry steam under very high pressure. This 
gives a very fine dust, averaging upward of 95 per cent zinc as metal, that is collected 
!>y suitable means. 

Zinc Burning or Zinc Fuming. — This is a process of reducing zinc oxide, which is 
distilled as vapor that is burned immediately. Th(*orctically, the metallurgical 
f'cactions ar(» unelmngcxi, but whereas in the recovery of zinc as spelter it is aimed to 
’Void oxidation of the vapor, the purpose is now to promote it, and to collect the 
‘>>iide floating in the gas of conibustion by filtering it through cotton bags. This 
■’Produces problems of cooling the products of combustion and dealing with them 
''*horwise. 

With ore free from lead and cadmium, and allowing coal ash, etc., to settle in the 

leading to the baghouse, oxide assaying 80 per cent zinc (the theoretical) and snow 
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white may be collected. The particles under a microscope will be in fractions of a 
micron (Kooo mm. in diameter). The details of temperature, condensation, etc., 
that may cause these particles to be acicular, or of more equal dimensions or otherwise, 
will not be discussed hero, nor the merit or demerit of different forms. 

If the ore contains cadmium, it will go over into the fume, and will give it a color 
ranging from slightly yellow to distinctly browm. A slight yellowish tinge may be 
discharged, however, and it is possible to make a good grade of oxide from ore con- 
taining 0.3 to 0.4 per cent cadmium. 

If the ore contains lead, it will surely be volatilized and filtered out with /tlie fume 
as sulphate or some more complex oxidized form. The fume wull no longer bp capable 
of classification as “lead free,’’ but will still be a valuable commercial prodiip-t. 

If the ore contains a good deal of lead, the product will be what is called aV' leaded 
zinc,^^ which is so valuable as a pigment that to some extent pig lead is molted and 
volatilized to boost a product deprived directly from ore. \ 

Zinc oxide of the highest grade is made by burning speller: this is known\as the 
French process and the product, French oxide. Zinc oxitle as a finished commercial 
product is obtained directly from ore by means of the Wothorill furnace. Impure 
zinc oxide has been produced as a conc(mtrate by the Pape process, by tlu' Bartlett 
pro(*.ess, and by reducing in a reverberatory furnace, but those processes are now but 
little used, if at all. Recovery of zinc oxide from the blast furnace smelting brass 
junk is an important process practiced at Carteret and Perth Amboy, N.J., and 
Laurel Plill, L.I. 

The present summary will treat only of the Wetherill process, the Waelz proc^css, 
and slag fuming. 

The fume collected from metallurgical by-products or waste products appears 
to run everywhere about 65 to 70 per cent zinc, the remaind(‘r being chiefly lead. 
This filtered fume is not an ideal product for re-treatment. It is fluffy, of low weight 
per cubic foot, and difficult to handle mechanically, either for shipment or for sub- 
sequent treatnumt. It may have %o be densified ])y mechanical compression or by 
nodulizing by furnacing and may have to be deleaded. 

Beneficiation of this fume may occur in the following ways, all of which exivst in 
present American practice: 

1. Return to the process of electrolytic extraction. 

2. Delivery to manufacturers of lithopone (a hydrometallurgi(‘aI process). 

3. Delivery to manufacturers of lead-zinc pigment. 

4. Delivery to zinc distilhjrs. (With them it is not a warmly welcomed product 
unless it has been deleaded and nodulized. Without nodulizing it may, however, be 
mixed with roast^ed ore prior to sintering.) 

Wetherill Process. — A distinguishing feature of thcrWetherill furnace is the grate, 
which consists of a series of cast-iron plates, about 6 in. wide, 1 to 1.5 in. thick, and of 
length corresponding with the width of the furnace, which may be about 6 ft., these 
plates being perforated by conical holes about 0.25 to 0.4 in. in diameter on the upper 
side of the plate as it is to lie in the furnace and 1 in. in diameter on the lower side, 
there generally being about 100 holes per square foot. The purpose is to prevent a 
bed of ore and coal on the surface from sifting through very much and to prevent tlU' 
holes from blinding. In some practice, the bars are perforated wdth narrow slots 
instead of conical holes. The bars rest on ledges in the side walls of the furnace 
The ash pit is designed for operation of the furnace with an undergrate blast. 

Furthermore, the two types of Wetherill furnace known as the Eastern and tie’ 
Western differ only in details of design. The Eastern Wetherill is used at Palmerton, 
Pa. The Western Wetherill is used in the plants west of the Alleghenies. Excep 
tions to this generalization may be found in instances where furnax^es of the Easten’ 
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type have been built and operated more cr less experimentally in Western plants, 
At Palmerton the ore that is treated is the franklinite concentrate from New Jersey. 
The Western plants treat ore from Tennessee, the Tri-State district, and from the 
region west of the Rocky Mountains. 

The Eastern Wetherill consists of four or more hearths built together with a com- 
mon back wall and with common side walls. The products of combustion from each 
hearth escape through an opening in its arch and are led to a chamber where the ainc 
vapor is completely oxidized, then(‘.o passing through a cooler to the baghouse. 

The Western Weth<*rill comprises a seri(‘s of hearths, separated only by low side 
walls and covered by an arch that is common to all the* ht'arlhs comprising a block, 
the products of coml')ustion being (conveyed away from lh(‘ end of the block. 

In one plant wIktc then^ were furnaces of botli the Eastern and Western type, 
operated under identical conditions, no material difference in results was observed. 

A Western Wetherill furnace of good design may have 10 hearths, each 6 X 12 ft., 
and may burn 24 to 25 tons of calcined ore pcT day mixed with 1 .2 tons of coal, charging 
being done twi(^e per day, and extraction of zinc from an ore of 70 per cent grade being 
about 87.5 per cent. Air prt'ssure under the grate is equal to 2.5 to 4 in. of water. 
Length of furnace campaign may be 3 years. 

Among plants, practice varies in operating details. The ore may be mixed with 
all the coal and so spread upon tlui heartli, or a bed of coal may first be laid and the 
mixtur(‘ of ore and reduction coal then be spread on it. Three charges may be burned 
per 24 hr., or ev(*n four. The number of furnaces to a block may be 8, 10, or 12. 
The Inearths may be as wifle as 13 ft., f.c., crosswise of the blo(;k. 'Fliere ar(^ working 
doors on (^ch sid(‘ of the block, and the furnace personm*! attends to one hearth after 
another. M<‘chani(^al charging has been satisfactorily applied, in which application 
all the coal is mixed with the ore. 

With the Wetherill furnace it is necessary to counteract the tendency of the blast 
to break through the charge, making blowholes and craters. This requires (?onstant 
attention. It prevented the mociianicalizing of the Wetherill furnace aft(‘r the 
fashion of the travtding grate in steam-boiler practice, owing to the tendency of the 
air under pressure to break through along the sides and to slag and stick there. A 
great stc'p in advance occurred when the New Jersey Zinc Co. began to make up the 
charge out of a briquetted mixture of ore and coal. The charge could then be burned 
like anthracite coal on a domestic grate, and the working doors of the furnace had no 
longer to be sealed. Obviously this opened the way to the mechanical Wetherill 
process. 

In the operation of the mechanical Wetherill furnaces the charge of ore, plus about 
20 per cent of coal, plus waste sulphite liquor from paper mills as binder, is com- 
pressed into Hard bri(iuettes, their shape being like that of a small pillow 2 in. square 
and about 1.5 in. throiigh the thickest part. The grate bars of cast iron, which travel 
over sprockets at each end of the furnace, are 12 ft. long, which is the same as the 
width of the Western Wetherill furnace. 

In operation the grate passes under a feed hopper from which it gets a bed of coal 
briquettes (of the same size as the ore briquettes), which are spread mechanically to a 
<lepth of 6 to 6.5 in. The coal briquettes pass through an ignition zone after which 
’ he grate receives from an overhead hopper a bed of ore briquettes about 6 in. thick, 
h eduction of zinc oxide and removal of the products of combustion then proceed 
cc(;ording to the same principles as in the hand-operated furnace. Sticking of the 
' harge to the side walls of the furnace is prevented by making them of water-cooled 
j>hite8. 

The mechanical Wetherill does away with the onerous labor conditions of the 

■md-operated furnaces, affords a much greater capacity per square foot of grate 
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surface, and by virtue of the intimacy of the mixture of briquetted ore and reduction 
coal gives an improved percentage of zinc extraction. 

The Waelz Process. — This is a process of zinc reduction and burning by means of 
a revolving cylinder, internally heated to a high temperature, the mechanicalization 
being similar to the cylindrical furnace used for making cement. The Waelz furnace 
is built in sizes from 40 ft. in length and 6 ft. in diameter up to 160 ft. in length and 
12 ft. in diameter. The slope downward from inlet to outlet is usually about 3 per 
cent. The rotation is generally about one turn in 65 sec., but it may be speeded to 
one in 30 sec. or retarded to one in 120 sec. For the largest furnace the power/require- 
ment is 25 to 30 hp., and the labor ranges from two to six men per shift. Ore and coke 
are mixed before charging. In the treatment of some low-grade calamines, the addi- 
tion of coke has been as low as 10 per cent. In the treatment of retort residii^, there 
may be sufficient unburned coke to allow the charge into the Waelz furnace to be 
self-burning. \ 

In a plant in Upper Silesia, burning calamine with 12 to 15 p(;r cent 2 inc,ynixed 
with 25 per cent of reducing coal, 5 to 10 per cent of firing coal was used, and a zinc 
extraction of 95 per cent and a fume assaying about 66 per cent zinc and 6 per cent 
lead were obtained. About 160 tons of ore p<^r furnace per 24 hr. was run. In 
the United States at the presemt time the Waelz furnace is us(‘d extensively in burning 
zinc out of current and old accumulations of distillation resichies. A plant treating 
300 tons of residues daily may yield 40 tons of fume or roughly 30 tons of zinc in fume. 
The yi<;ld is of course always commensurate with the quantity of zinc in the material 
that is treated. 

It has been remark(‘d before tliat even in good distilling in retorts about half the 
zinc in the residues is in oxidized form, perhaps partially as ferrate and silicate. 
Under the fierce internal heat of the Waelz furnaces, further reduction is accomplished, 
and even a considerable proportion of zinc sulphide may be decomposed, reduced to 
zinc vapor, and burned. In this, as in other zinc-burning processes, the heat that 
is required endothermically for reduction is of course restored exothermically by 
combustion of the vapor. 

If the Waelz fume is derived from leady ore, the fume itself will be leady. The 
fume derived from retort residues, however, will be low in lead inasmuch as such 
residues have been derived from ore previously deleaded. Such fume may therefore 
be returned to the ordinarv process of distilling. This is done by mixing it with 
roasted ore prior to sintering. 

Slag Fuming. — The treatment of slags from lead-smelting blast furnaces for 
extraction of their zinc content and recovery as oxidized fume is done on a large scale 
at East Helena, Mont., Tooele, Utah, Trail, B.C., and Kellogg, Idalio. The Bunker 
Hill plant at Kellogg, as the latest construction, sufficiently exemplifies the methods 
at the others. 

Hot slag from the primary furnaces is transferred to the slag fumers. Some cold 
slag may be added. The slag-fuming furnace is 15 ft. long by 8 ft. wide and of stand- 
ard water-jacket construction. On each side there are 14 double-inlet tuyeres, each 
side being fed with a Babcock & Wilcox pulverizer of 4080 lb. of coal per hour rated 
capacity. They are designed to feed coal against internal pressure up to 10 lb. per 
sq. in. The pulverized coal (upward of 80 per cent through 200 mesh) is delivered 
to the tuyeres in a primary air stream comprising about 48 per cent of the total air 
flow. The remaining 62 per cent enters the tuyeres as secondary air. Two Ingersoll- 
Hand turboblowers, maximum rating 6910 cu. ft. each at 8 lb. gauge, supply the 
furnace air. 

The coal-air mixture forced through the slag both supplies heat and effects the 
reduction of zinc oxide. The slag is treated in batches, each batch comprisiJig 
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furnace cycle, divided into three periods, viz., charging, reducing, and tapping. Coal 
and air are delivered to the tuyeres continuously throughout the operation, and the 
reduction period is about 65 per cent of the time of the cycle. 

The dust-laden gas leaves the furnace at somewhat over 1100°C., enters the waste- 
heat boilers at 925 to 1040'^C., and finally enters the baghouse at 200'’F. The slag is 
dezinked down to about 1 per cent Zn. The fume assays 63 per cent zinc and 10 per 
cent lead and weighs approximately 40 lb. per cu. ft. It is densified and deleaded 
by mixing with about 1.5 per cent by weight of minus- ?^-in. crushed coke and is 
calcined by passing it through a revolving cylinder, 75 ft. long by 7 ft. diameter, 
fired by either oil or coal dust, the temperature being about 500°C., at the feed end 
and about 1260°C. at the discharge end. Passage through this kiln nodulizes the 
raw fume, increases its weight to about 185 lb. per cu. ft., raises the zinc content 
to about 72 per cent, and reduces the lead to about 1.5 per cent. Fume from this 
kiln is delivered to a baghouse, whence a product with about 50 per cent lead and 
23 per cent zinc is returned to the lead-smelting system via the Dwight-Lloyd sintcrers. 

The Bunker Hill plant was designed in 1943 for the treatment of 300 to 400 tons 
of hot slag per day. 'Phe operating personnel comprises 14 men per 8-hr. shift. 

The production of zinc from the slags of lead smelting has now become an impor- 
tant process in the United States and in C'anada. It gets the zinc from what are 
classed as lead ores and thus increases the extraction from an original zinc-lead sul- 
phide ore by a substantial quantity. Moreover, it brings accumulations of old slag 
into the classification of new zinc, deposits. In 1944, the three major plants in the 
United States treat ('d about 510,000 tons of slag, which yielded 78,500 tons of oxide 
fume, containing about 55,000 tons of zinc. The cost per ton of slag is relatively low, 
but obviously it is substantially more for cold slag than for molten, and of course it is 
increased if nodulizing and dcleading has to be done. 

Continuous Distilling. — Obstacles in the way of designing a furnace for continuous 
reduction and distilling of zinc have been (1) difficulty of integrating in one operation 
the two stages of intermittent distilling, viz. (a) preliminary reductions and (b) the 
reduction of zinc oxide itself ; (2) trouble from the ore becoming sticky and so hanging 
in a vertical shaft through which it was expected to descend ; (3) inability of zinc vapor 
to find egress through a long column of fine ore, which cannot be “spiessed^^ as in the 
ordinary horizontal retort. Following many failures to accomplish continuous 
distilling, four processes have come into commercial use, although not all of them are 
in use at the prestmt time. These are summarized in the following sections. 

TroUhattan Process. — Some intelligent work was done in experimental plants to 
subject calcined ore to prereduction and then transfer it to an electric furnace heated 
by the resistance of a bath of molten slag into which dipped the graphite electrodes 
carrying the current. Although with such a furnace lead could be tapped from the 
bottom and spelter could be condensed from zinc vapor escaping from the top, the 
loss of zinc in the slag was prohibitive apart from other objections. 

At TroUhattan, in Sweden, loss of zinc by scorification was minimized by making 
a high-temperature bisilicate slag, c.g., 50 per cent Si02, but in the absence of pre- 
deduction the zinc vapor was condensed mainly as blue powder. The blue powder 
was melted to spelter by the ingenious Cornelius process in which by putting it in a 
{suitably heated, revolving cylinder, oxide coatings of the zinc globules were rubbed 
off, thus allowing the globules to coalesce. The crude spelter thus obtained was 
d'^ifined by redistilling in another electric furnace. By this process many thousands 
of tons of spelter were produced. 

Hoitzheim-Remy Furnace. — In this furnace a battery of 22 annular retorts about 
* ^ in. in diameter and about 6 ft. in height are arranged in pairs within a common 
' oinbustion chamber. Inside of each retort is a vertical tube with apertures in its 
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walls. The material to bo distilled is charged into the annular space around the 
central tube, the apertures of which allow the gas and vapor to escape from the retort 
into the tube. The two tubes of a row are connected across and thence communicate 
with the condenser sticking out from the wall of the furnace, which is luted in as usual. 
It is uninteresting to go further in description of the complicated construction of this 
furnace and the details of its operation. 

A plant in Berlin equipped with a considerable number of these furnaces operated 
continuously with charges of galvanizers^ ashes, which is a material not requiring pre- 
reduction and not becoming gummy when heated. lOach retort rec^eived a charge of 
about 1000 Ih. and yielded in a single tap per 24 hr. about 440 lb. of spelter plus about 
80 lb. of zinc dust as ladle skimmings and prolong dust. These results w(|re con- 
sidered satisfactory. 

Some trials of the Iloitzheim-llemy furnace in ore distilling in other plants were 
unsatisfactory. \ 

New Jersey Zinc Co.’s Process. — Success in using briquetted ore on the Wetherill 
grates contributed to this process of continuous distilling, in which the charge W ore 
and reducing coal is briquetted in the same w'ay. Prior to charging into the retort, 
however, the briquettes are cokc^d by passing them continuously through a vertical 
chamber of horizontal cross section in w'hich they are coked by means of the exhausting 
gases from the combustion chamber of the distilling furnace, these gases entering the 
coking chamber at 750 to OOO'^C". 

The distilling furnace as a unit comprises eith(T 8 or 36 retorts. The retorts are 
rectangular in horizontal cross section, coininonh’^ 6 ft. X 12 in., but retorts of 7 ft. X 
12 in. are in .successful use. The long sides of the retort are laid up with shapes of 
silicon car})ide carefully fitted so as to be gastight. Th(^ height of th(i retort that is 
heated is ordinarily 25 ft., but there are extensions at top and bottom for the mecha- 
nism of introducing fresh briquettes and discharging those that havt^ been exhausted 
at the bottom. The retorts are op(‘rated continuously, but the charge is introduced 
in batches at proper intervals. 

The condenser consists of two parts, the first being an inclined conduit directly 
connected with the retort, in which the gases are cooled rapidly, and a second part 
comprising a sump in which the molten spelter is collect(;d and in which the cooling 
of the zinc vapor is completed at a relatively slow rate in order to avoid precipitation 
as blue powder by excessively rapid chilling. J'he condenser has baffles to zigzag 
the flow of vapor through it. 

The exhaust gases from the condenser are scrubb(‘d to eliminate any rciuains of 
zinc vapor and are then returned as nearly pure carbon monoxide to the combustion 
chamber of the furnace, thus affording 20 per cent of tin* lieat required to fire the 
retort. A temperature of 1300°(\ in the combustion chamber, a zinc elimination of 
96 per cent, and a recovery of 92 per cent of the content of the charge may be realized. 
With a furnace of 16 retorts treating calcined sulphide ore of the ordinary grade of 
flotation concentrates, a yield of 60 tons of spelter p(*r day may be realized. Tb<* 
retort life is 3 to 5 years. 

The production of blue powder in the New Jersey process is very small, being 
only that which is scrubbed out of the gas escaping from the condenser. The coking 
of the charge effects preliminary reductions and reduces the production of carbon 
dioxide within the retort. The reduction of carbon dioxide is substantially com-^ 
pleted in the upper extension of the retort by passing through the hot coked briqueth'S 
which likewise filter out particles of charge entrained by the gases. Any blue powder 
formed on the descending charge is thus automatically returned to the reduction zone 
of the retort. All this was a perfection of the old idea of passing the gas and vapo^* 
from the zinc retort through a filter of incandescent coke, as in the Kleeman con - 
denser of former times. 
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The New Jersey continuous process has had the advantages of giving an increased 
extraction of zinc, less production of between products, less requirement for coal for 
fuel (this saving being enhanced by utilization of the (*arbon monoxide gas from the 
condensers), a saving of labor, the production of an improved grade of spelter, and 
the general advantages resulting from steady conditions that are (japable of close 
regulation. On the other hand it is subject to increased cost for labor and material 
in briquetting the charge, and the amortization of a costly plant. 

New Jersey vertical retorts are in use at Palmerton, Pa., Depuc, III., Meadow- 
brook, W. Va., Avonmouth, Kngland, and Oker, Germany. Having be(‘.ii first 
commercialized in 1929 and having been in steady use since then, this process is now 
thoroughly established. 

The St. Joseph Lead Co.’s Process. — This process, which is the most successful 
of any of the proposals for eh'ctrothermic distillation, was developed from the patented 
id(‘as of 10. Ci Gaskill. Instead of trying to combine zinc smelting and lead smelting, 
as in the fusion processes of prior inventors, he conf(>rmed to the simple principle of 
zinc reduction and distillation w’ith internal heating instead of eixternal. The process 
as originally introduced at Josephtown, Pa., in late 1930 cont(‘mplated only the pro- 
duction of zinc oxide. 

(Jalcin(‘,d ore is sintered linder conditions to produce an unusually hard sinter. 
By-product cok(‘ is used for reduction fuel. Both ore and coke are sized, then mixed 
in (Hpuil-volume proportions, and preheated in a revolving kiln to a temperature of 
about sr^irc. 

Th(‘ pr(dieatcd mixture is charged into columnar furnace's, 69 or 96 in. in diameter 
inside and 37 to 40 ft. over-all in height. Near the top of this shaft four or six elec- 
trodes protrude into it, and a corresponding set enters near the bottom, the lieight 
between each group of ele<‘trodes being 26 ft. Inasmuch as the charge is to be the 
r(\sist()r, th(' carbon must be constantly maintained in exc(;ss of what is n'quired for 
r(*duction of zinc oxide. Each furnace contains upward of 25 tons of charge, and 
about 18 hr, is required for passage through the furnace. Internal t('mperature is 
about 1200‘X\ Gas and vapor escape through 12 openings, disposed in gro\ips of 
three on each of four levels within the electrode boundaries, and the vapor is burned 
to oxide which is baghoused in the usual way. 

The original Joseiditowui furnaces were designed only for the production of zinc 
oxide. Bc'cause of the rt'latively enormous output of zinc vapor per furnace day, it 
was quickly found that surface condensers of the area rc'quircd w^ould be very large. 
Hen<ie, attention was turned toward developing a more compact t!ond(jnsmg means. 
That problem was solved by the development of a special condenser which is described 
in U.S. patent. 2070101, Eeb. 9, 1937, issued to George F. W(iaton and H. K. Najarian. 
This condenser is in effect a U tube* containing molten spelter, just as a manometer 
contains mercury, but one limb is of circular cross section, being a 36-in. diameter 
steel tube lined wdth heat-conducting refractory material, connecting with the furnace 
and being capable of temperature control. The vertical limb leads to a gas washer 
of special design which is described in U.S. patent 2298139, Oct. 6, 1942, issued to 
(.^arleton C. Long and George E. Decley. A pipe with a vacuum-control valve 
^‘onnects the gas-deduster discharge to a mechanical exhauster. Ihe idea is that the 
gas and vapor shall be drawn through the molten spelter contained in the cond^ser, 
and that following condensation of the zinc, the gas shall be drawm through the 
\vasher. The gas bubbles through the molten zinc. Periodically, zme is tapped 
bom a “tapping well” which communicates wdth the lower part of the condenser. 

The molten zinc is preferably kept at a temperature of oOO to 550 0. le vapor 
nters the condenser at a temperature of about 850X\ In the vapor-coliectmg ring 
urrounding the furnace there is a considerable drop of vapor temperature, but not 
nough to condense any appreciable amount of nujtal, as the dew-pomt tempera ure 
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is ordinarily about 830®C. The power required for operating the vacuum pump and 
CO compressors when condensing 100 tons of spelter per day is approximately 475 hp. 
Spelter assaying 99.97 per cent zinc is produced. Zinc dust recovered from the washer 
depends on the vapor pressure of the condenser exit gas and is about 3 to 10 per cent 
of the condenser production of spelter. 

Spelter production is about 18 tons per furnace-day for the 69-in. D furnaces. 
Operating labor in the furnace plant is approximately 5.5 man-hours per ton of spelter 
produced. Over-all recovery in spelter and other salable products is 90 to 93 per 
cent. Of the loss, about 4 to 5 per cent occurs through zinc in the finally discarded 
residue. Total smelter power requirements are 3258 kw.-hr. per ton of zinc equivalent 
produced. This is for 54 to 55 per cent Zn concentrates. For higher tenj)r feed, 
recovery is somewhat higher and power requirement somewhat lower. Furnace 
power is 78 to 79 per cent of what is required for the entire plant operation. \ 

It appears from these data that the use of electrotherm ic power at Josenhtown 
is much less than what it was at Trollhattan, when electrothermic distilling wa^ being 
performed there. One reason for the difference was that at Trollhattan the ^mngue 
of the ore was fused and run off as a slag, which was a great consumer of energy, 
whereas at Josephtown the gangue is discharged unfused. 

SpeHer Directly from Slag . — The St. Joseph Lead Co. since 1941 has becui developing 
a method for the recovery of zinc as spelter directly from slags of lead smelting at 
Herculaneum, Mo., containing 12 to 16 per cent zinc. In 1944, sevcTal hundred tons 
of spelter were produced there by this method, and it is believed that large-scale 
production is imminent. 

The reduction of zinc is accomplished in an eh^ctric furnace in the form of a 
horizontal cylinder of 1-inch steel plate, 42 ft. long by 15 ft. 41^ in. in diameter, out- 
side dimensions, which are reduced to about 37 X 11 ft., inside, by refractory linings. 
Slag is fed through a small water-cooled hole in one end wall, about 12 in. above the 
maximum slag level, and spent slag is withdrawn through a water-cooled tap in the 
opposite end wall, matte and iron being tapped through a lower hole. Electric power 
is introduced by six carbon electrodes, 30 in. in diameter, spaced on 5-ft. 6-in. centers 
in line along the top of the furnace. Gas and vapor are h'd to a Weaton-Najarian 
condenser, 31 ft. long, wdth associated Long-Deely gas dedusters. Metal tapped from 
the condensers is drawn to a large settling furnace, whence speller of Prime Western 
grade, containing about 1 per cent lead, is obtained. 

Coke breeze, for reducing carbon, thoroughly dried, is distributed by a Deeley 
coke /linger over the top of the slag bath throughout its length. The depth of the 
slag bath, into which the carbon electrodes dip, is 10 to 30 in., the depth being meas- 
ured by a bar let dowm through a hole in the roof of the furnace. The slag bath is 
the resistor. The electrodes that dip into it are raised and lowered by motor-driven 
staffs. The operation proceeds essentially on a continuous basis, but the feed and 
discharge of the slag are semicontinuous. The exit sla^is about 80 per cent of tln^ 
weight of the incoming slag when the latter contains 12 to 13 per cent zinc. 

It is expected that in commercial operations the power consumption will be 800 
kw.-hr. per ton of slag of 14 per cent zinc; the coke consumption, not over 7,5 per cent 
of slag weight; the electrode consumption, not over 10.5 lb. per ton of slag; stripped 
slag to contain not over 20 per cent of the zinc charged; and the over-all recovery as 
slab zinc, 75 per cent of the zinc in the feed. 

Spelter Directly from Brass Scrap . — Heretofore the only method of recovering zint' 
from brass scrap has been to vaporize it, let it burn, and collect the oxide fume by 
filtration (baghouse). In the Wilkins-Poland process, recently developed, the scrap 
is melted and is fed into a scaled distilling furnace, which is lined internally will* 
carbon blocks. The temperature of the furnace is raised by electric current passing 
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through graphite resistors. Zinc is distilled off, condensed, and cast directly into 
slabs. The condensers operate simply and effectively, there being no diluting gas 
in the zinc vapor entering into them. In starting the operation, an atmosphere of 
nitrogen is established in the melting furnace and the distilling furnace is flushed out 
with nitrogen until it becomes filled with undiluted zinc vapor. After the zinc is 
distilled off, the residual copper is drawn off and fire-refined in the ordinary manner. 
Mr. H.. A. Wilkins informs me that as a matter of operating economy, it is not 
possible to reduce zinc to much below 2 per cent, that quantity being discharged in the 
copper going to the fire-refining operation. From brass scrap averaging 30 per cent 
zinc or more the recovery of zinc in the form of slabs is upward of 90 per cent. 

CADMIUM 

By W. R. Ingalls' 

Cadmium a By-product.- -Metallurgical literature has no record of any ore 
benefi(;iaied for (cadmium alone, and the cadmium of commerce is derived from zinc 
ore, with which cadmium is generally associated. Zinc ores free from cadmium, 
e,g.j the ores of the Franklin and Stirling mines, New Jersey, and of Broken Hill in 
Rhod(‘-sia, arc* rare. 

Blende concentrates of 50 to 00 per cent grade have contained (in production of 
important tonnage) as mu(‘h as 1 per cent Cd, which is unusually high. The con- 
centrates from the Tri-State district average 0.3 to 0.4 per cent Cd, which is high. 
The concentrates from mines west of the Rocky Mountains seldom are higher than 
0.2 per cent. 

In the p(*riodic system of the elements, cadmium is in the same group with zinc. 
Its properties and compounds are similar. Its metallurgy is also similar. Cadmium 
has a melting point of 320°C. and a boiling point of TTS'^C., while the melting point 
of zinc is 415 X1 and the boiling point 905''C. These conditions, together with the 
lower reduction temperature of cadmium oxide, indicate a means for separating 
cadmium from zinc. 

Cadmium in spelter is viewed, if not as an impurity, at least as an alloying clement 
that may be objectionable, its special effect being hardening. How'ever, for some 
p\irposes, a little cadmium in spelter is desired, and 0.4 per cent may be permissible, 
even in speltiT for rolling. Cadmium in spelter for brass making is completely vola- 
tilized at the temperature of that process, and in bygone days an immense quantity 
of cadmium must have been lost in the fumes from these furnaces. The arrangement 
of brass mill furnaces is such that the collection of fumes is economically imprac- 
ticable. At the present time, however, the brass makers are mostly using high-grade 
spelter (cadmium-free). 

The salts of cadmium are poisonous, materially more so than are the correspond- 
ing salts of zinc. A dose of 0.03 g. of a cadmium salt is fatal to animals, and very 
small quantiti('s are poisonous to human beings. Cadmium may be easily elec- 
troplated, and when so applied adheres firmly and resists bending without crackmg, 
hut it is readily attacked by acetic and tartaric acids, appreciably more so than zinc. 
In view of its ease of solubility and its toxicity, the use of cadmium for articles that 
'nay come into contact with foodstuffs is inadvisable. 

Pjrrometallurgy — ^Early. — Cadmium compounds, sulphide and oxide, being more 
volatile than the corresponding compounds of zinc, loss of cadmium begins to occur 
h’om the first furnace operation. In normal roasting, even with Tri-State ore, this 
^ >S8 may not be very high. Raw ore, assaying 0.4 per cent Cd, may be expected to 
sive a roasted product of the same assay, which would imply a cadmium loss of about 

' \ oondeuBed veraion of thiB article appears in 2Von«. A. /. Af. iP., Vol. 159. 1944. 
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15 per cent- Roasted ore, assaying 0.4 per cent Cd when distilled at ordinary furnace 
temperature yielded spelter containing about half of what was in the ore charged. 

The first draw' oi spelter under these conditions may assay 0.8 per cent Cd (account- 
ing for 22 per cent of the cadmium ro(‘overy), and after the scweral draw's of spelter 
have been equalized the cadmium content may average 0.35 per cent. If therefore 
2000 lb. of blende averaging 0.35 to 0.4 per cent Cd is roasted and distilled, there may 
be obtained 1000 lb. of spelter, assaying 0.35 per cent Cd or 3.5 lb. content, which 
entering into Prime Western spelter w'ill be sold at the spelter price. 

It will be observ^'ed from the previous outline (summarizing conditions prior to the 
introduction of sintering) that the main loss of cadmium occurred in the distillation 
process and by failure to condense, w hich could be ameliorated by attaching a Prolong 
to the condenser, thus collecting additional zinc dust, relatively rich in cadmium. 
This was th(^ basis of cadmium metallurgy, especially practiced in Upper Silesia, 
prior to the introduction of the process of electrolytic zinc extraction. 'I'he pmnary 
zinc dust containing 5 or 0 per cent (VI, mixed with some charcoal, is distilh'd and 
redistilled until finally, by thus fractionating, a metal containing 99.5 per cent Ud is 
obtained. The low temperature of this distilling permits the use of cast-iron retorts 
and sheet-iron condtmsers, w hich either are lined w'itb some refractory material or are 
w^hitewashed W'ith lime inside so as to prev(*nt contamination by iron. 

Electrometallurgy. — With the introduction of th(' pro(‘(‘ss of el(*ctrolytic zinc 
extraction in the United State's and ('anada in ]915-191f), that procu'ss Ixicaine a 
large source of cadmium production, inasmuch as both cadmium and copper w^ere 
bound to be k ached along with zinc and neceK.sarily had to be precipitated i)rior to 
zinc electrolysis. This purification is effected by adding zinc dust to thcj solution in 
such proportion as to throw' dow'n copper, w'hich is filtered out and s('nt to copp('r 
smelting. Such a precipitate may assay 70 to 75 per cent (’u, 1 per cent (VI, and 3 
per cent Zn (reflecting the excess of zinc nece.ssarily used). To the filtrate a large 
excess of zinc dust is then added, and the purified liquor is filtered off, leaving a zinc- 
cadmium sludge. 

Th(‘ zinc-cadmium sludge may be stockpiled in heaps, promoting oxidation and 
solubility in acid; or oxidation may be expedited otherwise, e.g., })y spreading it on a 
platform and steaming it. Either way the* cakes will probably have to b(^ disinte- 
grated, which may be accomplished by attrition in a p(‘bbk* mill. There may have 
to be a precipitation of coVialt, requiring the use of some ri'agent, e.g.^ nitroso-beta- 
naphthol or potassium xanthate. However, the electrolyds of cadmium sulphate 
solution is not very sensitive to impurities, and their removal by zinc-dust preedpita- 
tion is generally adequate. It is impossible to w'ash all the entrained zinc from the 
cadmium sludge, so zinc is a cumulative impurity in the electrolytic cycle. It is 
controlled by precipitation with milk of lime. It is only mjcessary to maintain the 
zinc in the electrolyte at a point wdiere the excess of cadmium ovt'r zinc in the spent 
electrolyte is of the order of 10 to 15 g. per 1. 

In the final stage of cadmium recovery, the sludge is dissolved in spent electrolyte 
and subjected to electrolysis either with rotating cathodes or with station arj^ calhodes, 
which are of aluminum as in zinc electrolysis. Cadmium has a strong tendency to 
deposit as buds, sprouts, and trees. These are obviated by the use of rotating 
cathodes, or W'ith stationary cathodes when cell temperature is maintained at 30 tu 
35®C. and with the addition of glue to the electrolyte. A deposition of 1 lb. of cad- 
mium per 1.04 kw.-hr. of direct current, compared with 1.5 kw.-hr. for zinc, is realized. 
The plant factor is of course higher by virtue of the loss in changing from altcrnatinp 
current to direct current and the mechanical power that is required in plant operation 

In American practice, stationary' cathodes are generally used and with the same 
cell construction and operating conditions as for the electrolysis of zinc. With 
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3.5-in. spacing between cathodes, the cell voltage is approximately 2.6 to 2.7 and the 
current density about 4 amp. per sq. ft., but in some practice it is as high as 10 amp. 
The cell feed may contain per liter 100 g. of cadmium, 80 of zin( 5 , and 70 to 80 of 
H 28 O 4 , and may be as high as 200 g. of cadmium and as low as 30 g. of zinc. Cathodes 
are stripped every 12 hr. in some practice, every 24 hr. in other practice. They are 
melted in a cast-iron pot, electrically heated to 400 to 45()'^C:., under a thin layer of 
caustic soda to prevent oxidation ; and the pot is well hooded to carry off oxide fume. 

After the cadmium has been dissolved and is ready for electrolysis, tlie recovery 
as ingot is about 96 per cent. If the raw ore is roasted without special means for 
collection of dust and fume, the over-all recovery may be 84 to 85 per cent. If the 
roasting furnaces are connected for sulphuric acid manufacture with thorough pro- 
visions for collection of dust and fume, over-all recovery may be 90 to 95 per cent. 
Electrolytic, cadmium is of 99.95 p('r cent grade, or better. 

Hydrometallurgy.— In the use of roasted Tri-State ore for the manufacture of 
ordinary zinc- lithopone, it is necessary to remove cadmium just as it is for el(*ctrolysis. 
Such ore has be('n partially d(‘cadmiumized by a water h'ach, but that has not been a 
general practice', which is rather to take out the cadmium w ith an acid leach. From 
such a solution tlui cadmium is precipitated by addition of an excess of zinc dust, 
affording a zinc-cadmium sludge. As to purification the recpiirements for a solution 
of zinc sulj)hat(' for lithoponcj are almost as refined as for eh'ctrolysis. The sludge 
obtained in this way may assay 35 pi'r cent Cd, 46 per cent Zn, and 21 per emit w^ater ; 
or 54 per cent (\l, 16 per cent Zn, and 30 per cent W’ater. Tlu'se analyses vary 
naturally according to the excess of zinc dust that is used. The cadmium in such 
sludg(' is sold by the manufacturers of lithopone at something lik(' 75 to 80 per cent 
of thc' price for cadmium in sticks, pencils, ami other refim'd forms, inanufa(durers of 
cadmium pigments lieing the liuyers. Digesting the sludge with sulphuric acid and 
obtaining a solution of (VISO4 or (dS04 + ZnS04, the sulphides of those metals may 
be precipitated with a solution of barium sulphide to make cadmium lithopone; or a 
precipitate of cadmium sulphide may be thrown down from an acid solution by H 2 S. 

Pyrometallurgy — Recent. — When the sintering process for desulphurizing and 
fritting zinc ore.s w as introduc(‘d, it was immediately noticed that the vsmoke issuing 
from the chimney dispersing the gases frequently showed the brown coloration of 
cadmium oxide and, concurrently, that the cadmium content of th(' sintered ore w’as 
reduced or ev<‘n all but emtirely eliminated. It w^as observed moreover that following 
th(^ introduetion of roasters of the McDougall type, roasting flotation eoneemtrates 
wdth cyclones, improved dust-settling ehanib(‘rs, Cottrell precipitators, etc., as 
appendage's, there', was obtained dust and fume relalivtdy rich in cadmium, c.g., as 
high as 4 pe'r cent (\l and all of it wa tea-soluble. 

An experience with an ore containing 1.05 per cent cadmium, e)r 21 lb. per ton, 
following intreaiuction of sintering, is illuminating. From a roaster tof the McDougall 
type) 80 11). of heavy dust assaying 4 per cent cadmium w^as collected from 2000 lb. 
of raw ore. There^ wa.s a further settlerae’nt of fume, but 1 lb. of cadmium pe^r ton of 
ore passed through the Clover towers and into the sulphuric aeud. The calcines 
weighed 1700 lb. and assayed 0.65 per cent cadmium, and the sintered cake assayed 
0.375 per c('nt cadmium. The first draw' of spelter weighed 2041b. and assayed 1.25 
per cent cadmium; the subsequent draws, aggregating 680 lb., assayed 0,08 per cent 
cadmium. The cadmium accounting in terms of pounds per ton of raw ore was as 
in the table on page 472. 

It is clear that ni'.arly all the cadmium in this ore could be recovered by providing 
f^uitablc means, especially for (^xpelling all the cadmium from the calcines (leaving 
none to go into the retorts) and collecting all the dust and fume from both the roasters 
and the sinterors. In the experience here summarized the volume of gas from the 
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sinterer was 462,000 cu. ft. at 218°F. per ton of calcined ore, which could have been 
greatly reduced by sealing the side openings between pallets and wind box (see the 


chapter on Pyrometallurgy of Zinc). 

In flue dust from roasters 3.2 

In fume from roasters 5.8 

In sulphuric acid 1.0 

Loss in sintering 4.6 

Content of first draw of spelter 2.6 

Content of subsequent draws 0 5 

Content of blue powder 0. 5i 

Content of retort residue 0.2 

Escape from condensers, by difference. 2 6 

Total 2\ 6 


These observations became the basis of the improved metallurgy among zinc dis- 
tillers, who in view of the increased demand for cadmium after 1935 aimed to recover 
the large cadmium content of Tri-State ore that previously had been wasted.' In 
order to accomplish this, the process of sintering was adjusted so as to increase the 
elimination of cadmium, especially by preventing its condensation in the lower part 
of the bed on the pallets after it had been volatilizc‘d from the upper part, this being 
largely a matter of temperature control and t(^chnique. It was found also that by the 
addition of sodium chloride, anywhere from 0.5 up to 2.5 per cent, the well-known 
chloridizing reaction could be realized, with nearly complete elimination of both 
cadmium and lead. Another expedient w^as moistening the ore witli a solution of zinc 
chloride. 

These proposals were founded on the idea of decadmiumizing and d(*leading zinc 
ore with the objective of producing high-grade spelter. At this time, about lOSO- 
1933, cadmium was in poor demand. Later it became worth while for zinc smelters 
to save cadmium that they had previously been wasting. This involvc‘d naturally 
a reduction of the volume of the sintering gases by belter sc'aling of the w ind box and 
precipitation of their fume by means of C^ottrells. 

In works practice the dust and fiim<i from the roasters in oxidized form and the 
dust and fume from the sinterers, containing cadmium chlorid<^, lead chloride, and 
any of the excess of zinc chloride that has been volatilized, are mix(‘d and digc'sted wdth 
sulphuric acid. Lead sulphate is filtered off. C^adrniun) may then b(‘ precipitated 
by the addition of zinc dust, and the filtrate containing zinc sulphate and zinc ( hloride 
is returned to the sintering process, w^hile the cadmium precipitate is refined by 
distilling, or otherwise. 

By the New Jensey process of refining spelter by redistillation, cadmium comes off 
in the form of cadmium-zinc metal or a cadmium dust, w hich is readily converted to 
metallic cadmium by any one of the several know'n methods. This was done prior 
to the war at Duisburg, in Germany, by the llicidc and Mew Jersey processes in 
combination. 

In addition to the methods already described, there is a good deal of cadmium 
produced by the silver-lead smelters, which in treating zinc ore obtain considerabl<‘ 
quantities of cadmium in their flue dust. I'reatment thereof for cadmium recovery 
has been sufficiently suggested without going into details. 

Out of the production of metallic cadmium in the United States in 1941, aggregat- 
ing 3220 tons, the electrolytic producers in Idaho and Montana afforded 970. There 
is also a considerable production of cadmium that is obtained as direct chemical 
compounds, especially cadmium sulphide, for which there is use as a pigment, either 
B» auch alone or in cadmium lithopone. 
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MERCURY 


By Gordon I. Gould^ 


History and Mines. ^ — Quicksilver, or mercury, seems first to have been mentioned 
by Aristotle, who referred to it as fluid silver {argyron chytos). Theophrastus, about 
315 B.(\, stat(js that quicksilver is obtained from cinnabar rubbed with vinegar in a 
brass mortar with a brass pestle. Dioscorides, about a.d. 50, appears to have first 
mentioned th(^ recovery of quicksilv(ir (which he called hydrargyros, liquid silver) by 
distillation, stating, “An iron bowl containing cinnabar is put into an earthen vessel 
and covered over with a cup-shaped lid smeared with clay. Then it is set on a fire 
of coals, and the soot which sticks to the cover when wipc^d off and cooled is quick- 
silver.^’ Pliny, about a.d. 50, reports both these methods. Agrieola in his “De re 
mctallica”[ll, published in 1554, gives the first detailed description of several methods 
in use at that time, all distillation processes. 

Although rc^corded producti(ni data are comparatively modern, Bc;ckerl2] estimates 
production in terms of 75-lb. flasks up to a.d. 1700, and thereafter with greater 
accuracy up to 1886. Since that time, fairly accurate records are available. Up to 
1700, he (‘slimates lh(! world production as approximately 1,800,000 flasks; between 
1700 and 1800 an additional 2,375,000 flasks were produced; from 1800 to 1900 
Be(!ker’s estimate plus mor(‘ accurate records indicate approximately 5,890,000 flasks; 
from 1900 through 1940, it is estimated that an additional 4,500,948 flasks were pro- 
duced Th(^ estimated total world production, therefore, approximates 14,625,000 
flasks; although other authorities have reported it to be as high as 18,000,000 flasks. 

It is interesting to note that the Almaden Mine in Spain has probably been 
responsible for more tlian one-third of the total production and the Idria Mine in 
Italy approximately one-quarter of the total production. Other large producers 
include the Santa Barbara mine in Peru, the Abbadia San Salvatore mine in Italy, 
the New Almaden mine and the New Idria mine in California, and the mines of 
the Chinese province of Kwei-Chau. Although quicksilver production in recent 
years has come from no loss than 20 countries, Spain and Italy continue as the largest 
producers (approximately 70 to 80 per cent combined), with the United States third 
and Mexico and Canada following. 

Within the United States many new mines have been discovered during the past 
f<’w years under the impetus of increased prices and wartime d(^mand; however, by 
far the larger part of production continues to come from the older mines and probably 
will continue to do ho. This situation also exists throughout most of the rest of the 
world, although important recent discoveries have been made in ( anada. 

Production and Prices,— Table 1 indicates the widely fluctuating production and 
price range that is characteristic of the industry, even before the years cited. 

This wide range of price has played an important part in governing the size of the 
quicksilver industry within the United States, where the ores treated are o muc 
iower grade than in other countries. Only 10 mines contributed to the total American 


^ Consulting engineer, San Francisco, Calif. 

* References ini brackets are to similarly numbered references in 
'■haj)ter. 
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production in 1922, whereas there were 197 producers in 1941. Likewise, the develop- 
ment of ore reserves, metallurgical progress, and long-range planning have been 
handicapped by the wide fluctuation in price and by market manipulation by foreign 
producers controlling the bulk of production. 


Table 1. — Production and Prices op Domestic Quicksilver, 1910-1944 


Year ; 

Produc- 

tion** 

Price" 

Year 

Produc- 

tion" 

Price" 

Y^ear 

Produc- 

tion 

Price 

1910 

20,330 

47.69 

1922 

6,291 

59.74 

1934 

15,445 

73 87 

1911 

20,976 

47.16 

1923 

7,833 

67,39 

1935 

17,518 

h.99 

1912 

24,734 

43.03 

1924 

9,952 

70.69 

1936 

16,569 

79.92 

1913 

19,947 

40.07 

1925 

9,053 

84.24 

1937 

16,508 

^.18 

1914 

16,330 

48.95 

1926 

7,541 

93.13 

1938 

17,991 

75.47 

1915 

20,756 

88.17 

1927 

11,128 

118.16 

1939 

18,633 

10^ 94 

1916 

29,538 

127.16 

1928 

17,870 

123.51 

1940 

37,777 

176\87 

1917 

35,683 

107.72 

1929 

23,682 

122.15 

1941 

44,921 

185 02 

1918 

32,450 

125.12 

1930 

21,553 

115.01 

1942 

50,846 

196 35 

1919 

21,133 

93.38 

1931 

24,947 

87 35 

1943 

51,929 

195 21 

1920 

13,216 

82.20 

1932 

12,622 

57.93 

1944 

22,10(y' 

126.17 

1921 

6,256 

46.07 

1933 

9,669 

59.23 





« [’roduction and i)rice fig\iros for the years 1910-1920 calculated to the 70-lb. per flask basis from 
the 75-1 b. flask then used. 

* Estimated production, first six months 1944. 

All prices are based on the average monthly quotation of Eufjirteerino and Mining Journal, New 
York. 

Properties and Uses. — Quicksilver is the only metal that is liquid at all ordinary 
temperatures. (Gallium melts at SO.l'^C.) This fact quite naturally was r(*Kponsible 
for many early conjectures as to its true nature and, as well, gave i1 a rather mystic 
position in the hands of the early alchemists. Today, the same property makes it 
us<*ful, if not indispensable, in many aiiplications in industry, the sci(‘nces, and 
everyday use. 

Qui(rksilvcr, the metal, has an atomic weight of 200.61, a valence of either 1 or 2, 
and a specific gravity of 13.595 at 4°C. The melting point is — 38.85"C., below which 
it is a white malleable ductile metal. The boiling point is 357.25''G., above which 
it is a colorless vapor having a density of 6.7 to 7.03. As a metal, it has relatively 
low thermal and electrical conductivity and Ls soluble in nitric acid, a(iua regia, and 
hot concentrated sulphuric acid, but is not soluble in hydrochloric or dilute sulphuric 
acid. 

In chemical combination, it has a wide variety of uses. Although most of the 
salts are consumed in relatively small quantities, the bichloride (corrosive sublimate) 
and the chloride (calomel) are used in substantial quantity. Accurate information 
as to the specific uses to which quicksilver is put is neither compiled regularly nor is 
it probably very accurate; however. Table 2 show's in a general way the distribution 
and trend of the various uses. All figures are submitted by the authors as estimates, 
and it must be pointed out that the first two and the last two years cited represent 
wartime distribution. Especially in 1942 and 1943, this undoubtedly accounts for 
the large undistributed quantity listed under Other. 

It is stated that half or more of the quantity shown under RedistUled for 1942 and 
1943 was used in industrial and control instruments. In 1928, the dental preparations 
included at least some of what would otherwise be classed as redistilled. 
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Table 2. — Estimated Distribution of Uses of Quicksilver 

1917« 1918^ 1928« 1942'^ 1943^- 


Pharmacimticals 

Dental preparations 

Chemical preparations 

Seed disinfectants 



5,493 

362 

7,486 

365 

8,088 14,192 
1,1 98| 533 

1,533 1,340 

28.37 

1.07 

2.67 

Drugs and ehtmiicals, total 

Fulminate 

VcTmilion 

8,500!12 
4, 850] 12 
3,130| 1 

180|13,706 10,819|16,065 
218 6,587 

900 2,450; 

32.11 

Felt manufacture 

i,7oo; 

800 

1,720 

20 


Amalgamation 

850 

800 

453 

180 22 

0.05 

Antifouling paints 

3,000 

905 


1,220 2,578 

J 5.15 

Electrical apparatus 

2,700 

6S7 

556 

4,550! 2,988! 6.97 

Industrial and (‘onirol ajiparatus. 
Catalyst (in electrolytic preparation of 

630 

676 

9961 

3,529| 3,365 

6.73 


caustic soda and chlorine or glacial 

acetic acid) 

Redistil l(*d 

G (moral laboratory use 


1,000 3,802 4,C79| 9.35 
6,175 4,925 9.84 
628 204 331 0.66 


Other, or not ab(3V(‘ classified or com- 


bined UOOOj 1 000| 2, 846!17, 148:15,077 ^J4 

Total |2(i7^0'3C. '!C)G:3479l'2j47, 737150,030 100. 00 


« Hansome, Quick silver V.S. GeoL Survey, “Mineral Resources of the United States,” part I, 1917, 
p. 384. 

^ Kanbomk, Political anti Cominercal Control of Mineral Resources of the World, U.vS. Dept, of the 
Interior, No. 4. 

0 ScHtJETTE, Quicksilver, (I.S. Bur, Mines Hull, 335, p. 147. 

«* Mineral Market Reports, Mercury in 1943, V,S, Bur, Mines, No. MMS 1141, p. 3. 

•Includes only January- Novembei, 1043. 

1 Percentaije. of total consumption, January- November, 1943. 


The use of quicksilver in the felt-manufaeturing industry has been largely dis- 
placed, owing to the health hazarti and state prohibition of the further use of the skin- 
irritating mercuric nitrate; amalgamation has further and furthc'r been replacf'd by 
other prc'cious-nietal benefieiation processes (and the current wartime restriction order 
prohibiting the operation of gold mines) ; tlie fulminate consumption has been largely 
reduced owing to satisfactory substitution in military requirements; and antifouling 
paints continue at about the same pace, though resisting substitutes have been devised. 

Electrical apparatus has probably showm a greater increase than is apparent in 
the figure for 1943, and industrial and (mntrol apparatus is increasing greatly; general 
agricultural uses and rc(iuiroments by the textile industry may w'ell advance in the near 
future in consumption of the organic mercurials. 

Although there are many usc^s and many industries in w^hich quicksilver has been 
substituted for or otherwise displaced, there have been a far greater number of new 
uses developed, the aggregate consumption of which indicates a gradually increasing 
demand for the metal which undoubtedly assurers the requirement for increased pro- 
duction. This increased production will have to come from lower grade ores, ^d 
metallurgical efficiencies will necessarily have to be kept at the highest possible point. 
Metallurgy of Quicksilver.— Although the metallurgy of quicksilvw is probably 
one of the simplest, it has undoubtedly been subjected to as many variatk/ns as that 
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of the more refractory metak. The treatment processes are first limited in that there 
is only one important ore mineral This mineral is cinnabar which is the sulphide 
(HgS), a bright vermilion mineral. Although varying from a bright vermilion color 
through brownish reds to near black, it always shows the bright vermilion color on a 
fresh surface or by streaking. It contains 86.2 per cent quicksilver and 13.8 per cent 
sulphur; the specific gravity is 8.0 to 8.2; the hardness is 2 to 2.5; and the sublimation 
temperature is approximately 580°C. A far less important (though rather common 
at some mines) mineral is metacinnabarite, a mineral of exactly the same composi- 
tion but differing in crystal form ; this is always brownish black to black in color. 
Native quicksilver is not at all uncommon, though seldom occurring in quaijitity in 
any mine. Cinnabar, metacinnabarite, and native quicksilver are the priijne con- 
tributors to all mercury production, except that at the Huitzuco mine in Mexico the 
metal is obtained from livingstonite, the double sulphide of antimony and quicksilver. 
At a few other mines the occurrence of the oxide, chloride, oxychlorides, ana other 
rarer minerals, or c mibinations with some lead or zinc minerals, has been shown. 

Cinnabar has been found in many rock types, a factor of considerable inipoiranee 
to the treatment of the ore. Substantial deposits have been found in sandstones, 
shales, limestone, serpentine, andesite, rhyolite, opalite, and tuff. The variety of 
host rocks and their differences in physical characteristics and accessory or secondary 
minerals must be well understood in order to assure efficient treatment. 

The most important factor limiting the number of treatmtuit i)rocesseH is the low 
sublimation temperature, above which the quicksilver is volatilized and may be 
recovered by condensation. The fact that this operation may lx* pc'rfornied njlatively 
cheaply with an excellent metallurgical recovery and yield a very high-purity metal 
in one operation puts all combined processes (since they must all eventually roast to 
make final recovery) at a distinct disadvantage. 

Consequently, from the pre-Christian era, the roasting of quicksilver ores has been 
not only the most popular but, for the most part, the most efficient method of recovery. 
There have been, however, several other methexis used, including a variety of gravity 
concentration plants, several flotation plants, gravity and flotation combined, and a 
few chemical plants. These methods are briefly explained, following a dc'seription 
of the more popular roasting methods. 

The Roasting of Quicksilver Ores. — The roasting of quicksilver ores dc^pends on 
raising the temperature to near or above the sublimation temperature of (unnabar, at 
which point the quicksilver is volatile (as mercuric sulphide vapor) and subject to 
condensation and collection. The process, therefore, is divided into two distinct 
operations, f.c., (1) volatilizing the quicksilver and (2) condensing and collecting it. 
The furnace or retort and the condenser, therefore, are the principal items of equip- 
ment, although more or less auxiliary equipment is required to complete the operation 
and will be discussed in their order. 

Retorts. — The retort is the simplest form of recovery plant for treating quick- 
silver ores, and inasmuch as it requires in addition only a simple condenser and 
simple firing equipment, it will be described as a complete unit. Retorting is dis- 
tinguished from furnacing in the fact that retorted ore is heated indirectly, 
whereas fumaced ore is heated directly with the gases of combustion. 

The popular retorts treat one batch of ore at a time in a cast-iron pipe of various 
shapes. The ore, upon heating, gives forth its mercuric sulphide vapor from which 
the sulphur must be oxidized to permit the subsequent cooling and condensation of 
the volatile quicksilver. In most operations, air is depemded upon to supply the 
necessary oxygen and is supplied to the inside of the retort by either natural or induced 
draft. In the former case, the air circulates by convection, in through the condenser 
pipe over the bed of ore and out through the same condenser pipe. In the latter case, 
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the air is usually blown in through the end of the retort opposite to the condenser- 
pipe outlet, from which it travels over the ore and out the condenser pipe. Other 
designs of continuous-operation retorts often depend on leakage of air through an 
ore seal to provide sufficient air for the oxidation of the sulphur. 

Under these conditions, the chemical reaction taking place is 

HgS -f- O 2 =* SO 2 4* Hg 

In treating some ores containing relatively large amounts of sulphur as in high-grade 
ores, ores containing considerable amounts of pyrite, marcasite, stibnite, etc., it is 
sometimes desirable to add a flux to assist in the oxidation of the sulphur. This may 
be lime or iron filings or scrap, the former being more commonly used. When such 
a flux is used, the reaction is 

4 HgS + 4 CaO *= 3 CaS -f- CaSO^ -j- 4 Hg 
or 

HgS 4- Fe = FeS -f Hg 

The addition of such a flux is quite necessary in high-sulphur ores in order to free the 
volatile quicksilver. It is not uncommon, in an improperly ventilated or underfluxed 
retort operation, to find the formation of synthetic cinnabar, often as long acicular 
(irystals, in the condenser pipe. Similarly, free sulphur may also be deposited and 
cause additional difficulties in cleaning up the product. 

Because the retort is simple, there have been numerous designs. Retorts were one 
of the earliest devices used for the recovery of quicksilver. Duschak and Schuette[3] 
report that clay retorts were used at the Idria mine until ]f)41, when metal retorts 
were first used. Modern retorts, however, include three general types, each varying 
according to the manufacturers, who are often the small operators. 

The I) retort consists of a <!ast-iron body designed to be set horizontally and on the 
flat side of the D, i.c., P . The common size is 20 in. across the bottom by 12 in. high 
and 8 ft. long. Wall thickness is 1 to in* U is closed at one end, and the other 
end is flanged to take the head, which adds another foot to the length and contains a 
side exit with flange for a 4-in. cast-iron pipe. The head bolts to the body of the 
retort and is provided on the front with a recess to accommodate a cast-iron door, 
securely held in place by a yoke and screw or iron wedges. The heads can be built 
with either right- or left-hand exits so that they may be set side by side in pairs. To 
the flanged exit, a cast-iron pipe usually 4 ft. long starts the condenser. To the end 
of this pipe, set on a slight downward inclination, is screwed or flanged a 4-in. iron 
cross, and another 4-in. pipe about 8 ft. long inclines downward but parallel to the 
body of the retort. The other two outlets in the cross are plugged but provide out- 
lets for cleaning. This piping constitutes the average condenser; however, the long 
condenser pipe may discharge into a concrete box, a system of small tanks, or other 
devices deemed necessary by the operator to increase the efficiency of his condenser. 
The condenser pipes are air-cooled or may be water-cooled by dripping water on 
sacks laid over the long pipe or by more elaborate systems of water- jacketing the pipe. 

The retort body and head are set up in a brickwork about 5 X 10 ft. in plan, the 
bottom of the retort being about 3 ft. 3 in. above the working floor. For heating, a 
firebox is built into the brickwork at the end opposite the retort door and condenser- 
pipe outlet and under the retort. The firebox may be designed for wood, fuel oil, or 
other fuels. A small flue leads the gases of combustion from the firebox toward the 
feed end of the retort, and at the heiid two vertical flues carry it upward to the eleva- 
tion of the retort. It then travels back over the top of the retort body to the fire end 
‘>f the retort, thence vertically upward through a stack. It is common practice to 
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use 3 to 6 in. of firebrick, tile, or sand insulation between the lower flue and the 
bottom of the retort body to protect it from excessive heat, but on the return the 
bare retort is exposed to the gases of combustion. Although the usual retort body 
and head are made of cast iron, they have be(;n successfully made of chromium iron 
with varying chromium content. These have the advantage of resistance to corrosion 
by the sulphurous gases, as well as oxidation, and are better able to withstand over- 
heating without damage. 

In operation, the ore or other material is usually, but not always, charged in three 
or four steel pans to facilitate charging and discharging the material. Material 
charged should not exceed 1)^ to 2 in., and on finer material the capacity must usually 
be decreased or the burning time lengthened. On relatively clean ore |v\uthout 
excessive fin(;s, a cliarge of 750 to 1000 Ib. can be charged to the retort every 12 hr., 
giving it a daily capacity of to I ton per 24 hr. If they are set up in pairs, fJie unit 
would have double this capacity. Although a few retorts have becui ('(piipped with 
thermonu'ters, they are usually operated by observation through peepholes \in the 
brickwork, the retort being kept at a dull red heat by manipulation of a damper in 
the stack. OpiTuting in this manner usually consumes about ^2 ^'4 f>f t'ord of 

wood or 25 to 35 gal. of fuel oil per day. These quantities are subject to variation in 
operation, character of wood fuel, and character of material being treated. If oil- 
fired, the burner usually consists of a relatively simple oil burruT of th(^ low-air-pro^ssure 
atomizing typ(‘, or an oil mantle burner. 

The cost of the ironware described above, plus steel buckstays for the brickwork, 
stack and fire door and frame, for a double unit is approximately $1200. About 
3250 common red brick and 4000 firebrick are us(‘d in setting up a double-1) retort. 
Together with oil-firing (*quipment, the estimated cost of such a unit is $2500 to 
$3000, depending on location, etc. 

1'he Johnson- Me Kay type of retort consists of a battery of round (‘ast-iron pipes, 
usually 12 in. in diameter by about 6*4 ft. long. Although the standard s(‘tup usually 
included 12 pipes, they have, in variotis installations, ranged from one pipe up to a 
dozen or even more. They have, likewi.se, been mad(* of pipes of varying dimensions; 
however, in primtiple they conform. The pipes are s(*t horizontally and like the D 
retorts are clo.sed on one end ex<*ept for a hole to recen t* a 3-in. condenser pipe, 8 ft. 
long, which inclines downward. The front end of the pipe includes a b(*ll with a 
double shoulder to receive t-wo lids which are luted in place with mud or wet ashes, 
the outer door being more securely held in place, usually by a bar and wedges. The 
condenser pipes are most often cooled similarly to the method d<‘scribed for the 
D-retort condenser pipes. 

The pipes are supported in a brickw^ork which, however, is quite diff<*rent ironi 
the D-rctort structure. In the D retort the heat passes from the hack of the retort 
to the front, up and back over the top of the retort to the back, and out through a 
stack. In this type of retort, a fir(*box is built at one shde and for the length of the 
pipes and the heat passes through several flues under the pip(*s and at right angles to 
them for as many pipes as there are in the unit; it then rises to an elevation above the 
pipes and returns over them to the upper part of the fir(*box where it is exhausted 
through a stack. Similar practice is followed in protecting the lower part of the pipes 
by insulation from the lower flues, although the upper portion of the pipe is exposed 
to the direct heat. 

In operation, the ore is charged by long-handled scoop shovels directly into the 
pipe and discharged by hoeing out the burnt ore. From 250 to something over 300 
lb. of ore can be charged to each pipe, thus giving a 12-pipe unit a capacity of about 

to 2 tons per 24 hr., charging each pipe twice a day. This is usually performed 
by charging one pipe each hour, making two cycles per day. The wood consumption 
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is roughly 1 to 1 H cords per day, so that by comparison with the double D retort, 
approximately twice the amount of fuel is required. This is easily understood in the 
more compact construction and the use of larger pipes in the 1) retort. 

Except for installations of one, two, or possibly three or four pipe units, no retorts 
of this type have been built in recent years, so that estimates of cost might be rather 
inaccurate; in any event, it would considerably exceed the cost of the more popular 
D retort. The smaller installations that have been made have often been cheaply 
and poorly built and represent only an attempt to '^get by ch(‘aply.” 

A third type of retort, which though very much underdeveloped has been popular 
during the past few years for prospecting or for small operations, is the inclined-pipe 
retort. It has been built in a variety of sizes and by nearly as many designers as 
there are users ; however, they are all similar in principle. Most of the un its have been 
constructed of pipes, either cast iron or standard steel, ranging in diameter from 
about 10 to 16 in. and in length from about 6 to 12 ft. The pipes are set up on a 
45-deg. incline and are fed at the top and discharged at the bottom, the discharge 
being accomplished by raising a door and allowing the material to slide? downward 
through tlie pipe. Although practice varies, an ore charge is usually left in the pipe 
for 8 to 12 lir., then the whole charge is withdrawn and a new batcli fed in ilirough the 
top. Feeding at the top of the pipe may be by hand shoveling or by chute from a 
small ore bin, and the top seal usually consists of an iron platt? luted to the pipe with 
clay or wet ash(is. 

Near the top of the pipe, a cond(*ns(‘r outlet pipe 2 to 4 in. in diameter is cut into 
the pipe to provide for the exit of the quicksilver vapors, and because air is admitted 
through an ore seal at the lower end of the pipe, the gas volume (air) through this 
type of retort is usually considerably more than in other types of retorts. C-onse- 
qmuitly, more elaborat(' condensers are used and usually have consistenl of various 
styles of piping of small diameter (2 to 4 in.) with wooden barrels, tanks, or other 
settling chambers interspersc'd. 

because of the slope given to the pipe and the fact, that this feature lends itself to 
construction on a side hill, this retort has often been referred to as the side-hill 
retort."’ 'Fhey an' often built in multiple units up to four in a group and arc so 
designed that a masonry pier supports the upper and lower ends of the pipes. Side 
walls with one or mon‘ arches of clay, rock, or brick, over the pip(is, provide a shell 
around all the pipes, and a grate is built behind the lower pier and under the? pipes. 
Fuel of all types has been used, and the heat circulates up and over the pipes to the 
upper end of the pip(?s, where it is allowed to escape to a damper-controlled stack. 

by their very design, this type of retort is capable of a greater capacity than the 
horizontal-pipe retorts; however, the absence of good dcvsign in the firebox and enclos- 
ing shell has resulted in poor distribution of heat with consequent reduced capacity 
or, more often, ineomphde roasting of the ore and reduced recovery. The variety 
of sizes and designs precludes tlie possibility of making accurate cost (estimates on 
this type of retort, although they have mostly been cheap installations. If designed 
and constructed with the same care and materials as arc used in th(* other types men- 
tioned, it seems probable that their cost per unit of capacity would be about the 
same. Fuel consumption is high, although this might be materialb^ impro\ed 'witi 

sound design. . 

Although these three types of retorts ropres(uit the most commonly used t>T>e8, 
there arc many others ranging from pot stills to single and multiple rotary ^ 

elaborate design. Few, if any, of these have gained as much favor or stood the test 
of operation as well as the types described above. 

The retort, as has been shown, is a small reduction plant, high in cost per unit of 
capacity; although subject to many variations, it can be made to opera e qui c 
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efficiently. An objectionable feature of all retort operations is the manual charging 
and discharging operation , which causes exposure to quicksilver f um es. Many arrange- 
ments and many devices including hoods, blowers, lids, respirators, and other pro- 
tective devices have been tried, but the retort continues to subject the workman 
to the fumes, causing salivation. The substantial portion of production is made in 
the larger furnace units, but there will probably always be a place for the retort. 
They are cheaply installed by the small operator, either as a production unit or as a 
prospecting tool ; they are used occasionally by the furnace operator to assist in clean- 
ing up mud and soot; or they are used to retort concentrates from milling operations. 
In the chemical field, they have a very definite place in the recovery of secondary 
quicksilver from scrap or in reclaiming the metal from mercurial salts. 

Furnaces. — The treatment of quicksilver ores in furnaces differs from\ retort 
operation, as previously stated, in that the heat is applied directly to the ore and the 
gases of combustion arc combined with the volatile products liberated by heating the 
ore. In contrast to retort operation, where only a small amount of air is availanie for 
oxidation of the sulphur, furnace or direct-fire treatment of the ore makes available 
larger quantities of air. The amount available as excess over requirements for (Com- 
bustion of the fuel, therefore, is of extreme importance. It must provide sufficient 
oxygen to combine with all the sulphur released by the cinnabar or other sulphides 
which may dissociate within this t<^mpe^ature range and to combine with certain 
other volatile elerrumts such as arsemic or antimony. Any larger quantity only 
requires additional fuel for heating and incnmses the volume of gases to be handled. 
In practice, it is necessary to maintain an excess over theoretical requinwents in 
order to assure contact and a sufficient volume for swoc^ping the quicksilver vapors 
from the furnace. In addition to this diffc^rcnce, furnace treatment usually infers 
greater capacity and continuous operation. 

Although it was probably not the first furnacing operation, as above defined, 
L6pez Saavedra Barba is given the credit for invfuiting, or at least first applying, the 
shaft type of furnace to the treatment of quicksilvf^r ores. This was in 1633 at the 
Santa Barbara mine in Peru. The success of this type of furnace led to its introduc- 
tion at the Almadcn Mine in Spain by Bustamente, where a number of them were 
built within the next twenty-five years. They have since acquired the name Busta- 
mente furnace, and many of these original installations, now 300 years old, are still 
in use. 

Furnaces built up to 1916 (with only a few exceptions thereafter) are geiuTally 
referred to as the ‘‘brickwork furnaces,’^ because of the massive brickwork necessary 
to contain them. Since that time, the “mechanical furnaces have taken over and 
are today the only type in use. 

The brickwork furnacc^s were of several designs, originating probably with simple 
shaft furnaces. This design was later modified, and the td^elf or tile furnaces became 
more popular owing largely to the requirement for treating fine ore. A taVjulation of 
furnace types follows: 

Brickwork furnaces 

1. Intermittent type. 

а. Simple shaft furnace. 

б. Bustamente, invented in Peru, 1633, and developed at the Ahnaden in 
Spain. 

c. Neat. 

2. Continuous type. 

а. Exeli, developed at Idria, 1872. 

б. Knox-Osborn, developed in California from 1872. 

c. New Idria Coarse Ore, developed at New Idria, 1900. 
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d. Spirek, developed at Idria about 1910. 
c. Kroupa, developed at Idria about 1915. 

3. Shelf or tile furnaces. 

o. Knox & Osborn, developed in California, 1870's. 

6. Huttner-Scott, more popularly called the Scott, developed at New Almaden, 
1875. 

c. Ccrmak-Spirek, developed at Idria, 1886. 

4. Side-hill furnaces. 

a. Livermore. 

b. Fitzgerald, more properly a large side-hill retort. 

Mechanical furnaces 

1. Rotary furnace, developed at New Idria, 1916. 

2. Multiple hearth furnace, developed at New Almaden, 1916, more popularly 
referred to as the Herreshoff. 



Fig, 1, — Coarse-ore furnaces: Jf, Now Idria type; Knox & Osborn; 3, Exeli iron-clad. 


While this is not a complete list of all furnace types, it represents the more soundly 
designed furnaces and those which have a production background. It represents the 
plants used not only in the United States but also in Spain, Italy, and other quick- 
»ilver-produoing countries of the world. 

Furnaces listed under Brickwork funiaces, 1, 2, and 4, were all designated as 
coarse-ore furnaces. All those under 1, also 2d, contained their fuel within the ore 
charge, and in those of the intermittent type the furnace was charged with a layer 
ef ore and a layer of fuel until filled, the charges fired, and it w^as allowed to burn out. 
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The gases contaiaing the quicksilver vapor were drawn off the top into condensers (to 
be discussed later under that heading). After the fuel had burnt out, the furnace was 
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Fig. 2a. — Fino-ore furnace (Corinak-Spirek). 
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Fig. 2b. — Seott shelf furnace. 

allowed to cool, the (charge withdrawn, and the shaft recharged. Cuts of these fur- 
naces are shown in Figs. 1 , 2, and 3. 
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The change to the continuous-type furnaces in the "vO's rras required in order to 
/gain greater capacity for the treatment of lower grade ores and thv. iarge demand for 
quicksilver for amalgamation by the gold-producing industry (in thc^ United States). 
Although considerable change in design was required, the principle remained the 
same as in the earli(!r shaft furnaces. For the most part, it meant arranging suitable 
gates, rakes, or doors for intermittently drawing off a portion of the roasted ore, pro- 
viding for suitable charging doors at the top of the furnace, and adding a firebox, 
either near the bottom of the furnace or part way up (New Idria coarse-ore furnace); 
as most of these furnaces depended on the application of heat from an external source. 
Kilns of the shaft type as under 1 and 2, being made of heavy brick walls and requiring 
a minimum gas-volume travel through the charge, had relatively high thermal effi- 
ciencies but were not suitable for larger capacities. For Ix'st operation, the ore had 
to be all coar.se: else the fines would fill the interstitial openings and blind off a section 
of ore from heating. This fc'ature together with a requirenumt for a relatively dry 
feed, in part, led to the development of the shelf or tile furnaces listed under 3. 


chamber ' Todasfcofleclor 



The three furnaces, here li.sted, are all known as fine-ore furnaces and, in addition 
to the reasons just pointed out, were di’veloped b/icaiise of th(‘ nec'd for a furnace to 
treat the fine ore made in blasting for larger scale production. It w^as the custom 
at the older plants, where only coarse-ore furnaces were in.stalled, to make adobes of 
the fines produced in cobbing or sorting. The adobes wore made by mixing the fines 
with local mud into bricks (several sizes, though mostly about the size of a common 
brick) and sun-drying them . As the quantity of fines increased, this obviously became 
an expensive procedure, and there developed the need for a furnace to treat fine ores. 

Although there was reputedly no collaboration or connection, one writh the other, 
the three furnacTs utilized the same principle in permitting ore to pass downward 
through a shaft furnace thus keeping it from packing, to prevent blinding. This was 
accomplished in the Knox-Osborn and in the Bcott by feeding the ore at the top of 
the furnace into one or more shafts, in which tile set at an angle of 45 deg. and stag- 
S^Tcd was set in the side walls. The ore pursued a zigzag course downward from one 
tile to the next, the tiles being set 3 to ,6 in. from each other at the edge. Peepholes 
P ^rmitted observation of the course of the ore as well as rabbling, should it hang up 
between tiles. 
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The essential difference between the Knox-Osborn and the Scott was in the firebox 
and the course of the hot gases through and over the ore. In the Knox-Osborn, a 
firebox the height of the shelf system was built on one side of the furnace. The gases 
traveled horizontally across the furnaces, under the tiles and over the ore, to two 
chambers on the opposite side. In these, the dust settled and the gases, including 
the quicksilver vapor, were drawn off. In the Scott furnace, a low firebox on one 
side was used. Hot gases from the firebox traveled across the furnace, as in the 
Knox-Osborn, but only under the bottom two or three tiles. At the opposite side, a 
chamber received these gases and reversed their direction so that they again traveled 
across the furnace, but in the opposite direction and the next two or three tiles higher. 
There a similar chamber again reversed the direction for heating higher tiles, and so 
on, depending on the height of the furnace. At the top, the gases leave the mrnace 
for the condensing system. \ 

The Cermak-Spirek furnace, developed at the Idria mine in 1886, is similar to the 
above two types as to ore flow except that, instead of the flat tiles used for chaWing 
the direction of the ore, a pyramided arrangement of gable tiles accomplished the 
same purpose. In regard to heat flow, it is similar to the Knox-Osborn and, uiilike 
either furnace, it is usually built lower and with more tiles. 

Mechanical Furnaces. — The previously described furnaces are distinguished from 
the so-called ^‘mechanical furnaces*^ largely by the lack of machinery required in their 
operation. About the only mechanical equipment required (and it was not always 
used) was an exhaust fan for drawing the quicksilver-laden gases from the furnace and 
through the condensing system and, at the same time, creating an adequate draft 
over the firebox for good combustion. 

The development of mechanical furnaces was possibly delayed (by comparison 
with the mechanization of other metallurgical processes) because of two principal 
factors: (1) the brickwork manually operated furnacevs made an excellent recovery 
when properly operated; and (2) the average quicksilver operation was small, subject 
to wide fluctuations of the market, and, consequently, usually not financially able to 
experiment with more expensive and complicated equipment. 

In 1916, under demand created by the Second World War, it became apparent 
that larger tonnages of lower grade ore would have to be treated. It would not have 
been feasible to attempt to increase the size of the then popular Scott furnaces, and 
the break away from the brickAvork furnaces began. 

Although various types of m(*chanical furnaces have been built, the successful 
types are the rotary furnace and the multiple-hearth type furnace. 

The rotary furnace is by far the most popular type in present use and has gained 
this popularity largely through its low initial and operating cost, its gre^at flexibility 
and ease of control, and in most cases by considered design by the manufacturer to 
meet conditions encountered at the individual mine. 

Three early attempts were made to apply the rotary furnace to quicksilver ore 
reduction although it was suggested as early as 1876. The first attempt was made 
at the Socrates mine in California in 1903, the second at the Aurora mine in California 
in 1911, and the third at the Abbadia San Salvatore mine in Italy in 1913. Of the 
first two operations, little is known; however, their failure to remain in operation 
probably indicates their lack of success. The Italian operation has been well described 
by Duschak and Schuctte[31, who outline the diffi(;ulties encountered and later over- 
come to a certain extent. 

The beginning of the rotary furnace, however, may be dated from 1916 at the 
New Idria mine in California. At this property, an experimental furnace was installed 
in that year, and in the year following four larger furnaces were installed. The 
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successful operation of these furnaces led to their further development and many 
subsequent installations. 

The multiple-hearth type furnace was first applied to quicksilver ore reduction 
also in 1916 at the Senator mine in California and the Goldbanks mine in Nevada. 
Furnaces of this type, known as the McDougal, Herreshoff, or Wedge furnaces, had 
been successfully used in many other types of roasting operations so that the applica- 
tion to quicksilver ore reduction was mostly a matter of adjustment of operating 
conditions rather than a change of basic design. 

In both types of mechanical furnaces, a continuous flow ot ore passes through the 
furnace, and while the ore is in the furnace, it is continuously moved, agitated, or 
stirred. This brings all particles into direct contact with the hot gases of combustion 
and permits the quicksilver vapor to be quickly drawn from the furnace atmosphere. 
In contrast to the brickwork furnace, ore remains in the furnace only 30 to 90 min., 
as compared with 6 or 8 hr. up to several days. Nearly complete extraction of the 
quicksilver from the ore is obtained by roasting the ore above the sublimation tem- 
perature of cinnabar and by providing sufficient air to oxidize the suliihur quickly. 

Rotary Furnaces. — The rotary furnaces used in quicksilver-ore-reduction plants 
are of the familiar cement-kiln type. They include a slightly inclined steel shell 
supported and rotated on two riding rings, or tires, and driven through a pinion by a 
ring or girth gear fastened to the shell. The riding rings revolve in trunnions and are 
usually spaced so that the weight of the shell is distributed evenly. The ring gear 
and drive is usually near the upper ride ring, although this practice is not universal. 
At each end of the shell, it is necessary to provide gas seals in order to prevent the 
leakage of quicksilver vapors outward or an inward leakage of cold air. The seals 
permit the shell to rotate in the stationary hoods at each end of the shell, usually 
referred to as the firing hood and the dust chamber. The ore is fed to the upper end 
of the shell by any of several types of feeders, and as the shell rotates the ore rolls 
and sliders downward to be discharge^d at the lower end. 

In usual piactice, kilnr are counterflow% i.c., the ore is fed in at the upper end and 
the burn(*r is placed at the lower end so that the gases of combustion and the volatile 
constituents of the ore travel (counter to the flow of the ore and are drawn from the 
kiln at the upper end. There are, however, a few exceptions, which are later described, 
in which the kilns ar •' parallel flow. In this arrang(*ment, the ore is fed to the kiln 
and fired at the upper end and the ore is discharged and the gases withdrawn from the 
kiln at the lower end. 

Rotary-furnace plants are usually rated hy the size of the shell, with all other 
equipment being sized proportionately. The tonnage capacity bears a definite rela- 
tion to the size of the shell used, although such factors as moisture content of the ore, 
size and character of the ore, sulphur content (as cinnabar, free sulphur, or other 
sulphides), and type of fuel used, all influence capacity. One manufacturer [4] lists 
the following standard sizes, with average range of capacity for each size: 


Standard Sizks of Rotary Kilns 


Diameter, in. 

Length, ft. 

Tons per 24 hr. 

21 

18 

8-12 

24 

24 

12-25 

36 

40 ! 

25-40 

36 

48 

40-60 

48 

64 

60-100 

60 

84 

100-150 
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There have been kilns of many other sizes built; however, the sizes shown have 
been accepted as suitable under most circmmstancos. A typical layout for the 24 
in. X 24 ft. size, together with other required equipment, is shown in Fig. 4. 

The shells are constructed of rolled steel plate ranging from in. thickness for 
the smaller sizes to I 2 in. in the largest. Riveted construction is most common, 
although several all-welded shells have been used. 



Fig. 4. — Layout of 12- to 26-ton rotary-furnace plant. 


In order to protect the shells and a.s insulation, they are always lined with firebricfv 
or other refractory material. In the standard-size kilns, standard 4)^-in. arch bri« ^ 
are usually used, thus giving an inside diameter 9 in. less than the shell diainctn 
listed. Standard G-in. cupola blocks are used in the 60-in. diameter kilns. Becaii-' 
of the difference in the abrasive nature of various ores, it is diflicult to giv^e an averap* 
brick-life figure; how^ever, it will probably range from 1 to 6 years of continuoi' 
operation. Lining is a relatively inexpensive and simple operation that can ^ ' 
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accomplished in 2 to 5 days, including cooling and starting-up time, depending on 
the kiln size. In order further to insulate the shell and gain greater fuel economy, 
most brick linings in rotary kilns are rested on asbcjstos sheets between the brick and 
the shell. Ihis material, 1 in. thick and 24 X 36 in. in size, kfH'ps the shell tempera- 
ture considerably lower and also cushions ihv, brick, thereby prolonging their life. 

The inclination of the shell varies from in. per ft. in the largiis+ size to l}i in. 
per ft. in the smallest size. Variations are made not only as to kiln size, but also to 
as.sist in adjusting the depth of the bed of ore in the kilns. This is also ai;complished 
by variation of the speed of rotation, which ranges between 30 and 90 sec. per revolu- 
tion. The kilns are driven by an electric motor, through V-belt drive to a worm or 
herringbone speed reducer and pinion to the ring gear. Motors installed range from 
1 to 7}'2 hp. with about one-half the installed horsepower being required for operation. 



Fig. 6. — Shaker feeder (8-in.). 


The seal rings (and expansion joints), located at each end of the shell, arc of a 
number of types. A tight s(*al is neces.sary, although pressures seldom exceed }i in. 
of water, in ord(T to prevent fume h'akage or an inward leakage of cold air which 
would tend to eondensi^ (juick.silver within the kiln or in the flues before reaching the 
condensing system. 

The firing hood, a brick-lin(‘d steel hood at the lower end of the kiln, (contains the 
Inirncr equipment and also provides for the disposal of the roasted ore into a bin or 
iiopper b(‘low floor level. The dust chamber at the upper end of the kiln derives its 
iJ'Une from early practice, when this was a large chamber, usually with baffle walls, in 
which the gases from the kiln were supposed to drop their dust by reduction in velocity 
■'fid while still hot enough to prevent condensation of the quicksilver. The dcvelop- 
’'ff'ut and application of dust<-col looting devices have reduced the dust chamber to a 
-flail, simple header for the kiln. 

Through the dust chamber, the ore is. fed into the kiln. The feed to rotary kilns 
' sized, and in kilns of the larger sizes, up to 3-iii. material can be roasted with 

‘ ’^isfactory extraction. The size is largely controlled by the feeder, and for the 
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smallernsdze kilns, material up to 1 H in. is successfully handled. The most satisfactory 
feeder for handling all types of ore, unsized, wet or dry, is the shaker feeder shown in 
Fig. 5. The feeder, driven by motor through a variable-speed reducer, has a wide 
range of capacity and is mechanically simple. The ore is fed into the hopper by 
gravity, and the feeder tube, ranging from 5 to 10 in. in diameter, resting on rolls or 
slides, is carried back by the rotation of the cam. At its point of maximum backward 
travel, it is released by the cam, and springs pull the pipe forward against a bumper 
block, causing the ore to slide ahead in the pipe and on into the kiln. A range of 30 
to 90 r.p.m. of the cam and variable spring tension provide for easy adjustment to 
various operating requirements. Where the feeder tube extends through the dust 
chamber into the kiln, a seal must be provided to prevent leakage of fumes. I This has 
been successfully accoinplish(‘d by using a glass-cloth diaphragm attac^hod to the 
feeder tube and to the dust chamber. Motors installed for opc^ration of the feeders 
range from 1 to 7^ hp., and one-fourth to one-third of the installed horsejpower is 
required for operation. 1 

Firing Rotary Furnaces. — Most American rotary-furnace installations have used 
oil for fuel ; however, wood, coal, butane, and natural gas have been used . Butane and 
natural gas have the advantage of providing a clean fire, easily controlled, but cost 
usually precludes their Tise. Coal has not generally been used because of the availa- 
bility of other fuels and the fact that in order to obtain best results from this fuel the 
more expensive equipment required for powdered-coal firing is required. Wood has 
been used successfully at a number of installations where it was available and the 
transportation of other fuels was costly. It is more difficult to maintain uniform 
temperature using wood fuel, and the greater volume of gascjs of combustion reduces 
the capacity of the plant materially. 

Oil firing, consequently, is by far the most popular, and lends itself well to flexi- 
bility, ease of control, and economy of operation. Fuels ranging from 12 to 33®Be. 
are used, the higher gravity oil usually being used in the smaller plants because of its 
greater flexibility. It is of prime importance that, whatever fuel is used, good com- 
bustion must result in order to prevent the accumulation of soot or tars in the con- 
densing system together with the collected quicksilver. Such soot or tars make 
the separation of the quicksilver far more difficult, as will be described under Soot 
Machines. 

Oil firing of rotary furnaces has been accomplished in both low-pressure and high- 
pressure burners, the latter predominating. In either type, the burners are mounted 
on the firing hood and extend toward or into the lower end of the kiln. In most 
operations, the lower end of the kiln acts as the combustion chamber ; however, some 
firing hoods have been constructed to contain the mixing chamber, ignition block, 
and combustion chamber, with only the hot gases of combustion entering the kiln. 
Considerable progress has been made in recent years in the better design of burner 
equipment and its application, resulting in better fuel (iconomy. Air is used for 
atomization, and various schemes have been utilized to preheat the oil and air. The 
oil is usually preheated in a thermostat-controlled electric oil preheater, whereas the 
primary and secondary air are most often preheated by the utilization of the waste 
heat in the burnt-ore bin. 

If the high-pressure type of burner is used, air at 40 to 100 lb. per sq. in. must 
supplied and requires 3 to 25 hp. through the standard sizes of kilns. Oil is usually 
(though not always) supplied at similar pressures and requires K to t hp. 

W^hile the consumption of oil varies in accordance with the character of the ore 
moisture and sulphur content, size of kiln, and percentage of capacity at which th<‘ 
kiln is being operated, it will range between 4}^ and 8 gal. per ton (see later discussion 
of parallel-flow kilns) and probably average about 6)4 gal- per ton. 



MERCURY 


489 


Although low-pressure burner equipment has been used successfully at a number 
of installations, it is generally conceded not to be so satisfactory as the high-pressure 
type when firing a dusty ore. The first cost of low-pressure equipment is equal to or 
greater than high-pressure equipment, and although power requirements are a little 
less, oil consumption is usually greater. 

Multiple-hearth Furnaces. — Multiple-hearth furnaces consist of a cylindrical 
metal shell that supports conical or spherical arches of firebrick decked one above the 
other. A vertical central shaft running through the center of the brick arches carries 
rabble arms on the various decks, which on rotation rakes the ore across the decks. 
The feed is at the top, either at the center or on the periphery of the shell, and the ore 
is raked first outward, then inward, as it drops through ports to the deck below. 
(The raking action would be reversed depending on whether the feed started at the 
center or on the periphery.) 

The Herreshoff furnace, which is the most commonly used multiple-hearth furnace, 
is shown in Fig. 6. This furnace is manufactured[5) in a number of standard sizes 
as follows: 


Outside diameter 
of shell 

Number of 
hearths 

Tonnage capacity 
per 24 hr. 

36" (i.d.) 

8 

2 

10' 0” 

4 

20 

10' 0” 

6 

30 

13' 6'' 

6 

50 

16' 0” 

6 

75-100 

14' 3'' 

13 

125 


The 36-in. size has been successfully used as a laboratory or testing unit and also 
as a unit for treating concentrates produced by wet-concentration methods. The 
13-hearth unit is a new’' **thre(vzone furnace” which is described later. 

The hollow central shaft is carried on heavy bearings and is rotated by a bevel 
gear at the bottom, further reduction being obtained by a gear-reduction unit. Ihc 
speed of rotation of this shaft normally ranges between 45 and 60 sec. per revolution 
and is dct(?rmined largely by the period of contact required (or capacity) or the depth 
of bed of ore on the hearths. The power required is 2 to 3 hp. in the various sizes, 
'rhe central shaft is hollow^ in order that cooling air may be blown through an inner 
pipe, out through ihv, rabble arms, and back into the central shaft outside the inner 
pip' 5 *. The air is either vent<*d at the top of the central shaft or piped back to be used 
as preheated air in the hearth areas. The power required to provide this cooling air 
is approximately 3 hp. Notable improvement has been made in the adaptation of 
heat-resisting metals for the construction of the rabble arms and raking teeth to give 
them greater life. With adequate air-cooling and design to permit easy access, these 
items may be changed with very little lost time. 

The ore is fed at the top of all furnaces of this type so that the ore must be elevated. 
This is commonly accomplished through the use of bucket elevators or belt conveyers 
^'hich discharge into a small surge bin built directly on top of the furnace. rom is 
h * n or hopper, the ore drops onto a shelf above the top hearth , from which i is wip 
otT by a feed knife attached to the top rabble arm. The speed of rotation of the central 
dt or the pitch of the ”wiper” governs the rate of feed. .n + xu 

In order to maintain a uniform bed on each hearth, it is necessary a e ore 
’iild be more closely sized than required in rotary-furnace operation; in. is 
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about the maximum size treated. In some of the smaller plants this is reduced to 
% or % in. 

As the ore travels downward Irom hearth to hearth, it is thoroughly stirred and 
exposed to the hot gases of combustion and is finally discharged through a port in the 
bottom hearth to a burnt-ore hopper under the furnace or directly into a car for 
tramming away from the furnace. 

In the operation of all multiple-hearth furnaces, it is common practice to use one 
or more of the top hearths for drying or preheating the ore, then dropping onto the 
next one or more hearths for the roasting of the ore, and finally dropping onto one 
or more hearths for soaking and cooling before it is finally discharged. 



Firing Hearth Furnaces. — Multiple-hearth furnaces, in fields other than quicK- 
silver, have been fired with all fuels; however, as applied to quiijksilver, they have, 
in all but one installation, used oil. The exception used wood at first and final!? 
one-half wood and one^half oil. 

Because of the classification of the hearths into drying, roasting, soaking, or coolii^^ 
zones, the firing is done through ports in the shell on the roasting hearths. In soJi 
of the earlier installations, separate fireboxes were built outside the shell; howevc ^ 
because of excessive fuel consumption, all modern installations fire through the sh< 
and directly onto the hearths. Ix)w-prcssure burners, using approximately the san 
range of fuels as are used by the rotary-furnace operations, are used, and oil co? 
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sumption varies because of the same factors that bauence oil consumption in rotary 
furnaces rhe average oil consumption, however, is slightly higher, probably approxi- 
mately 7}4 Ral. per ton. ^ 

Ttoee-zone Hearth F«mace,-A recently installed Ilerrcslioff furnace, described 
as a three-zone furnace,” is of interest in that an attempt lias been made to utUizc to 
as great an extent as possible the waste heat in air used to cool the central shaft and 
rabble arms and the waste heat from the roasted ore[6]. The furnace is 14 ft 3 in in 
diameter and includes 13 hearths, divided into three zones: the drying zone consisting 



of the top three hearths; the central heating zone, consisting of the next eight hearths, 
the top two being preheat hearths, the next four being burner hearths, and the bot- 
tom two being soaking hearths; and the cooling zone, consisting of the two bottom 
hearths of the furnace. 

Figiire 7 shows the furnace diagrammatically. Cooling air is forced up the central 
< olumn and a portion forced out through the rabble arms on the cooling hearths, 
hhia portion, together with air admitted through a port in the shell, is drawn off these 
^\vo hearths through four ducts running to the bottom of the drying zone where it is 
I issed over the wet ore. 

Another portion of the central-column cooling air is forced through the rabble 
‘‘' tns of the two soaking hearths to combine with additional air admitted through a 
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port in the shell and provide secondary air for the central heating zone. This air, 
together with the gases of combustion and volatile products, is drawn off from the 
top of the central heating zone and sent through a dust collector and condensing 
system. 

Finally, the remainder of the central-column air is forced through the rabble arms 
of the burner and preheat hearths without escaping to the central-heating-zone 
atmosphere, and thence through holes in the rabble arms of the top drying zone 
directly on the ore. In this zone it combines with air preheated in the cooling 
zone and is drawn from the top of the furnace by a separate exhaust fan and sent to 
waste. 

Substantial fuel savings over the conventional single-zone furnace are reported, 
and a capacity of 125 tons per day, or more, is obtained. I 

Because the design of the multiple-hearth furnace requires the installation of a 
number of brick arches, sprung with a relatively small rise and supportea against 
a circular brick wall within the shell, a variety of brick shapes is required ta make a 
complete lining. Inasmuch as the hearths are largely protected by a bed of ore, there 
is little abrasive action on the brick by the passage of the ore through the furnace so 
that brick life, from the standpoint of abrasion, is very good. On the other hand, 
it is essential that the lining be skillfully and carefully installed to prevtmt a hearth 
from sagging or dropping. Likewise, frequent shutdowns and start-ups have a 
tendency to aggravate this condition and should be avoided. 

Comparison of Rotary and Hearth Furnaces. — To compare the rotary furnace with 
the Herreshoff furnace, it mu.st be realized that in few instances is there an oppor- 
tunity to make dirc'ct comparison on the same type of ore and tin* same management. 
At the Bonanza mine in On^gon, the first installation was a Herreshoff, which was 
followed by two rotary furnac('8. After the installation of the rotaries, all ore was 
screened and the fines roasted in the Herreshoff, the coarse going to the rotaries. 
The Pinchi Lake mine in British Columbia made an original installation of two rotary 
furnaces followed by three Wedges. In this operation, likewise, the fines were 
screened out and fed to the Wedge furnaces. In each of these operations, and it may 
be generally stated, with proper operation the extraction of quicksilver from the ore 
may be made equally well in either furnace. Fuel requirements are somewhat higher 
for the multiple-hearth furnace, and power requirements are possibly slightly higher 
for the rotary furnace. Although brick w^ear by abrasion is higher in the rotary, it is 
doubtful if over-all brick cost is any greater because of the more extensive shutdown 
required for the occasional repair necessary in the hearth furnace and the more 
expensive brick required. From the standpoint of general maintenance, the rotary 
furnace has the advantage. The rotary is simpler to operate and a good deal more 
flexible than the hearth furnace. Again, in point of initial cost, the rotary has th(‘ 
advantage. It is quite natural, therefore, that rotary-furnace installations have 
exceeded multiple-hearth-furnace installations by several times. 

Flow Sheet of Furnace Plants. — Beyond the furnace, the flow' sheets of most 
quicksilver-ore-reduction plants show a far greater similarity. Notable changes in the 
equipment beyond the furnace took place about the same time as the development of 
mechanical furnaces and have been developed with, and because of, the fuma(*c 
development. This was primarily necessary because of the change of character of 
the gases evolved from the mecjhanical furnaces as compared with those of the earlier 
brickwork furnaces. In the earlier furnaces, many of which operated under natund 
draft, gas volumes were relatively smaller; because of lack of mechanical agitati<5r< 
of the ore and the smaller gas volumes (and correspondingly, velocity) less dust wan 
carried in the gas stream out of the furnace; a good many of the furnaces predried the 
ore feed before it entered the furnace (a feature used in part in modern Herresboi^ 
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furnac6s) , thus reducing water vapor in the condenser gases j and since the develop- 
ment of mechanical furnaces, there has been a substantial reduction in the average 
grade of ore treated, thus reducing the percentage of mercury vapor in the gas stream. 

In the earlier brickwork furnaces, the condensers, therefore, were far simpler— but 
probably less effective. Dust was not a serious problem and was usually removed 
from the gas stream by passing the gases through a large brickwork or masonry 
chamber while they were still hot enough so that the quicksilver would not condense. 

A reduction in velocity and, at times, baffles, screens, or sprays within this chamber 
were depended upon to ch'ar the gases of all dust. They then passed into one or 
several similar chambers, sometimes through a spray of water, for condensation and 
collection of quicksilver. Although their advantage was simplicity, these condensers 
had numerous disadvantages: they were more expensive than modern condensers; 
being built with heavy walls of material of low thermal conductivity, their rate of 
heat transfer was low and they were necessarily large; the materials of construction 
would absorb considerable quantities of quicksilver which either would be lost by 
leakage into the ground beneath them or would be tied up until a portion of this loss 
could be recoverf'd by ‘‘mining'^ the area under old condensers and the condensers 
themselves reburru'd; they pres(*nted a difficult cleanup problem in that it was not 
possible to centralize collection; and they created a very severe health hazard as 
cleanups frequently meant entry to the chambers for hoeing or flushing out. 

The two princi}){il factors, however, that led to improved dust collection and 
condenser design were the in<*rea8('d amount of dust generated in the mechanical 
furnaces and the smaller amount of quicksilver in the condenser gases. 

Dust Collectors. — Improved dust collection began with the installation of several 
(\)ttrell electri(ail-precipitation units, one on the Herreshoff at the New Almaden 
mine, and sul)sequ<uit inst allations on rotary-furnace plants at the Sulphur Bank mine 
in California, the Opalite mine in Nevada, and the Arizona Quicksilver Co.’s property 
in Arizona. At the Sulphur Bank, two C'ottrells were installed, one to precipitate 
the dust, calhid the “hot^treater,” and one to precipitate quicksilver, called the 
“cold-treater,” Although quite*, effective, their initial cost and high cost of main- 
tenance wore cxccsbivo and collectors of the familiar cyclone type came into general 
use. 

The use of the first cyclone-type collector at the Knoxville mine in California was 
followed by its installation at many other plants, and today it is accepted as the most 
satisfactory unit for either the rotary or multiple-hearth furnace. The more popular 
type in use is th<^ single-cone type with a fairly large diameter, although several of the 
inultitube type, in which one or more small cones are installed, have been used. 
Initial cost favors the former, results arc about the same, and wear or plugging is 
against the multitube type. 

'fhe quantity and character of dust collected varies over rather wdde limits. In 
quantity it will probably range from as little as of 1 per cent to over 2}4 per cent 
of the feed. In many plants the operation of the fire or condensing system is given 
more consideration t)*an the operation of the dust collector; however, they seem to 
function quite efficiently over a range of volumes and temperatures. Cyclones of the 
Sirocco type are designed to work most efficiently and at reasonable back pressures 
when the gas enters at velocities of IfiOO to 2000 ft. per min. T. he gases leaving any 
quicksilver furnace must be kept above the dewpoint ; hence the gases entering the 
“ylcone are relatively hot. The temperature will vary according to furnace design 
uid operation as well as the grade of ore (f.f., concentration of quicksilver vapor in 
’ gas stream) ; ho\cever, it will usually range between 400 and 600°F. In the case 

the parallel-flow rotary kilns, later described, the temperature of the gas leaving 
^ kiln is considerably higher. 
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By employing a properly sized collector with flues of such size that velocities are 
not excessive and by maintaining temperatures above the dewpoint, the dust collected 
should be very low in quicksilver content. Th(^ loss is attributable to finely divided 
cinnabar carried out of the furnace by the draft and also to condensed quicksilver. 
Obviously, the amount of cinnabar depends largely on the character of the mineral in 
the ore: if the cinnabar is finely crystalline or if the ore is mostly fines, there will be a 
greater tendency for th(i cinnabar to be carried over than if it is heavily crystalline or 
the ore coarse. Condensation of quicksilver in the collector is usually caused by 
cooling of the gases in ‘‘dead pockets’' within the collector. It has been found that 
when ores running 8 lb. per ton or less are being treated, the coilectt^d dusti approxi- 
mates the grade of ore being treated. As the grade of ore treated increasei, the loss 
increases somewhat but not in direct proportion. Because the dust colkVtecl is a 
small amount, the total loss of quicksilver, cither in quantity or by perc(intage, is 
usually small and at most operations is discarded. At several plants. However, 
flotation, blankets, or hydraulic classification has been employed, with varyingWsults, 
to recover a part of this loss. \ 

Condensing Systems. — The improvement of the condensing system, as previously 
stated, was largely influcmced by the reduction in grade of ore being trc'ated. Eco- 
nomically, there was the requirement that the maximum recovery should be made — 
a fact that probably w’as given less consid(Tation when th(‘ more j)rofitabl(* higher 
grade ores were being treat(‘d. Metallurgically, the reduced (concentration of quick- 
silver vapors in the gas stream lowered the dewpoint and nHpiired condensers of 
greater heat-dissipating characteristics than were formerly used. This point lias 
been graphically illustrated by Duschak and S(‘huette[3]. In attempting to satisfy 
these tw'o requirements, the other disadvantages of the brickw’ork cond(*nsers were 
also attacked. 

The function of a condensing system is to cool the furnace gasc^s to below the 
dewpoint, at which condensation begins, and then collect the finely divided globules 
of condensed quicksilver from the condemser atmosph(T(c and structures The cooling 
is primarily essential; the collecting should be as simple and complete as possible. 

There has probably not been, since 1917 and 1925, as thorough or comprcdienKsivc 
a study made of quicksilver-furnace gases, th(*ir coiid(*nsation, collection, and losses, as 
set forth in the U,S. Bureau of Mines Technical Paper 96[7) and the U.S. Bureau of 
Mines Bulletin 222[3]. Tlu^ conclusions reached refer principally to condensation of 
quicksilver-bearing gases from Scott furnaces and in types of condensers now con- 
sidered obsolete. It is probably true, however, that much of the subsequent thinking 
was a direct result of the publication of this information and that directly or indirectly 
many of the findings were applied to new’^ designs. In fact, however, a direct applica- 
tion of theoretical requirements to the design of a condensing system is impractical, 
if not impossible. The variation of composition of ores and moisture content, the 
building up of quicksilver soot on the walls of the condensers, the variation of gas 
volumes and velocities, changes in atmospheric temperature, pressure, and humidity, 
and the always variable grade of the ore are some of the factors that would have to 
be considered in design. As a consequence, and with as many of these factors as 
possible in mind, condensers were designed, in the builder’s opinion, to be adequate 
for the most demanding conditions of the particular installation. Unfortunately, 
this opinion was not always sufficient. On the other hand, several types have beeo 
designed which proved to be efficient when working within their limits, and sizes have 
been developed to which the builders are willing to assign a capacity, based largely 
on averaging the above factors against the ore to be treated. When aj)plied con 
servatively and with experience and when careful and uniform plant operation i 
obtained, good results are secured more often than not, 
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In an attempt to improve the cooling capacity of condensers, it was natural that a 
break from brick or masonry chambers was the first step. Early installations using 
metal, glass, wood, and ch(;mical stoneware were tried with varying success; however, 
th(iy were not generally used \intil tlie advent of mechanical furnaces. Soon after 
their introduction, common vilrified sew(T tile was adopted in several different types 
of layouts. The simplest were no more than long flues, usually leading from a brick 
or masonry dust chamber to a stack. In size they vari(*d, depending on the volume 
ol gas to be handled, and were oft(*n in several strings. This type of system was 
difficult to clean up and scattered the condensing system over ejuite a length. The 
next step was in compacting the tile systems into units, mountc'd from nearly hori- 



zojital to vertical, by reversing the flow of the gas stream at frequent inteiwals. A 
numf)er of different tyj)(‘s hav<' be(m illustrated in U.S. Bureau of Mines Bulletins 222 
and 335[8]. The most, popular lOuropean type' of condensing system, known as the 
(ycrmak condensc'r, is made of stoneware and consists of pipe joints set vertically 
with return L's at- th(' top and bottom, the bottom L’s having an outlet to facilitate 
cleanup. The gas trav(ds up and down through the system with frequent reversals 
of direction. 

The tile systems used in this co\intry were far better than the earlier brickwork 
<lcsigns, offering better cooling capacity, centralized cleanup, good baffling action, low 
f‘ost, and as appli(id to the industry offered a generally better designed condenser 
^ han had been employed theretofore. Tile resists the corrosive ac^tion of the sulphurous 
acid condemsed in the system and has a fair resistance to the thermal shock imposed 
'‘.v starting or stopping the operation of a plant or by a spray placed in the system 
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either for cooling or knocking down dust. In time, however, it has a tendency to 
crack and require repair. 

Metal Condensers. — Although metal condensers had been tried on the brickwork 
furnaces, after the period of popularity of all-tile condensers (roughly 1917 to 1927), 
they were again introduced following tile-condenser design (except that pipes were 
always set vertically). Materials that have since been used, in the order of their 
popularity, are cast iron, sheet steel, stainless steel, and Monel metal. Each has 
been used alone, in combination with another, or in combination with tile pipes. 

The use of metal pipes immediately draws the criticism of poor resistance to the 
corrosive effect of the acid condensate within the system. Cast-iron pipe is most 
commonly used and is probably included in more plants than any otlu^r material. 
One manufacturer uses exclusively a centrifugally cast iron pij)e for which is claimed 
a much better r(isistance to corrosion than the ordinary cast iron. Tlu^ pipe used is 
16 in. in diameter, has a wall thickness of 0.45 in., and is made in 12-ft. kjiigths with 
bell-and-spigot ends. The systems are usually installed as showh in Fig. 8, ii\ stands 
two lengths high and with specially cast return L's lor making the lop connectk)n and 
specially cast hoppers for the bottom connection. In standardizing on a single size 
of pipe, the system may be sized in accordance with volume and velocity requirements, 
by length, and by splitting the gas stream into mort' than one row of pipes. 

Although th<‘rc is a definite relation between area or length or volume contained 
in the condensing system, it has beem many times illustrated that the relation is not 
in dire(*t ratio to the tonnage b(*ing treated. This is probably in part due to variations 
in excess air required in the dilTc'rent sizes of njechani(‘al lurna<*es, ditferences in rate 
of heat transfer caused by different gas v(4ocities, or differences in (‘omposition of 
furnace gases. 

Table 3 shows the make-up of s(*veral sizes of cast-iron condensing systems applied 
to standard rotary furnaces with unit figures based on their maximum capacity in 
tons of ore treated per day. 

The figures cited must be taken as average, as wide variations (‘an exist owing to 
an extreme condition in one of the variable factors previously numtioned as affecting 
the design of a condensing syst<‘m. 


Table 3. — Typical Sizes of (^ast-iron (/ONDenring Systems 


Type* 

Ton- 

nage 

Pipes® 

Hop- 

pers^ 

Re- 

turns^ 

Total 

hmgth, 

ft. 

Ft. 

per ton 
capac- 
ity 

Total 
ar(‘a, 
sq. ft. 

S(i. ft. 
per ton 
capac- 
ity 

Rever- 
sals of 
direc- 
tion 

SRDD 

12 

12 

4 

3 

172 

14.3 

810 

67.5 

9 

SRDD 

25 

16 

5 

4 

228 

9“.l 

1074 

43 0 

11 

SRDD 

40 

28 

8 

7 

396 

9 9 

1865 

46.6 


SRDD 

60 

32 

9 

8 

452 

7.5 

2129 

35.5 


DRDD 

100 

40 

12 

10 

568 

5.7 

2675 

26.8 


TRDD 

150 

60 

18 1 

15 

852 

5.7 

4013 

26.8 



^ SRDD indicateH a single row of pipes, double decked (2- to 12-ft. joints, 24 ft. high). 

DRDD indicates a double row of pipes, double decked (2- to 12-ft. joints, 24 ft. high). 

TKDD indicates triple row of pipes, double decked (2- to 12-ft. joints, 24 ft. high). 

* Pipes are cast iron, 16 in. i.d., 12 ft. long, 0,45 in. wall thickness, bell-and-spigot ends. 

* Hoppers are cast iron, 16 in. i.d., return L’s, but with an outlet at the bottom for water seal ai* i 
oleaning. 

* Returns are cast iron, 16 in. i.d., return L's, but with a cleanout hole over each outlet for cleann^ 

of pipes. 
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In operation cast-iron condensing systems are simple and efficient. They operate 
at input temperatures varying from 450 to 250‘^F., and outlet temperatures of 100 to 
1 60°F. Because a coating of quicksilver soot builds up on the walls of the pipes, they 
are periodically washed down at intervals ranging from 24 hr. to 14 days. The fre- 
quency depends on the amount of dust escaping the dust collector, the quantity of 
sulphur reprecipitat(^d, the accuinulaiion of soot or tars caused by imperfect combus- 
tion in the furnace, the amount of moisture and quicksilver in the ore, and occasionally 
on a routine requirement for shutdown for servicing power plant or other equipment. 
In multiple-row systems, dampers are occasionally installed so that one row may be 
washed down without necessitating a cessation of furnacing. The time required for 
washdown varies from about 30 min. to 2 hr. In the washing-down operation, a hose 
with a spray attachment is dropped into (^ach stand of pipe through the cleanout 
holes in the nsturns. The soot, or mud, drops to the hoppers where it is caught in 
buckets under each hopper spout. The buckets ar(' removed, (unptied, and replaced 
for furth(*r operation. Betw(*.en washdowns, there is a certain amount of “drop- 
down'* which is colh'cted daily or oftener if required. The ratio of material collected 
in the drop-down to that collected in the washdown varies considerably. In most 
instances the higher the sulphur content in the ore, th(' greater the hang-up, although 
on the average, the amount collected in the washdown approximately equals the total 
col hutted by daily drop-down. 'The buckets collect the drop-down continuously by 
maintaining a wattu* seal over the hoppt^r spout. The bu(;k(‘>ts used are usually hard 
rubber to nvsist the (‘orrosive action of the water. 

The cast-iron pipes, lioppers, and returns, though attacked by the sulphurous 
solutions, vary in life depending mostly on the sulphur content of the ore being 
treated. In the hot (*nd of the condensing system and before the dewpoint of the 
water vapor is reached, they will last almost ind(*finit(dy. As the gas stream becomes 
wot, the metal is attacked, and in this portion of the syst(‘m, the life varies from 1 to 
5 years. Despite the requirement for replacement, but because of their low initial 
cost, the Ciise of installation, and their high rate of h(*.at transfer, they arc the most 
popular type in operation. 

Sheet-steel condensers, of welded eonstruction, d(‘signed to th(i same layout as the 
cast-iron system, have bc(‘n installed in several reduction plants. They have been 
built of mat(‘rial ranging from 18 gage to in. thickru'ss. Their resistance to cor- 
rosive attack is less tlian that of cast iron, and the lightweight material used only 
justifi(^s their installation for the treatment of very low sulphur ores. They have 
been particularly popular in Nevada installations whose ores arc most often of this 
type. Although they have a somewhat higher rate of heat transfer than cast-iron 
pipes, they are usually constructed in about the same sizes. 

Then* w’ere a few Monel-metal systems built, ranging in weight of material from 
24 to 28 gauge; however, their performance did not justify the original cost. 

Stainless steel, type 317, has bc^cn included in a combination system at Nevada 
])roperty, together w'ith sheet iron and cast iron. The system is made up of a large 
number of 9-in. -diameter pipes, 12-gauge black iron being used in the hot end of the 
'System, cast iron being used in the middle, and stainless steel at the cold end. 'The 
^nsistance of the stainless to sulphurous attack is good; however, the occurrence of 
occasional chlorides in this ore adds a corrosive constituent to this gas not found 
< 'Hcwhere, and one that attacks the stainless-steel pipes. 

^^everal instaliations have economically and efficiently combined sheet steel with 
*'nst iron and sheet steel with tile, in either case the sheet steel being installed on the 
bf't eud. 

Several methods have been used for connecting the pipes at the top and the bottom 
the stands; however, the most commonly used is a cast-iron or fabricated-steel 
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return L. Next in popularity is the use of tile Y bran(‘hcs, the straight section being 
set on a 45-deg. slope with th(‘ branch pointed vertically upward. Several Y branches 
may be joined to form a common base for several stands of pipe. The bottom end of 
the branch line is oft(‘n submersed in a tank of water to provide a water seal and 
prevent leakage during cleanup. 

The top connections are possibly more varied as to detail but usually simulate the 
return L, the Y branch, or a T, wnth or w'ithout cleanout openings. 

It will be noted that in attempting to improve* the cooling capacity of condensing 
systems, which ultimately resulted in largely swinging to metal condensers, the other 
objectionable features of carli(*r systems liave also been improved. Cost^, as shown 
later, are lower. The almost complete elimination of sprays, at least inside the 
system, has been advisable for s(*veral reasons: the satisfactory application of dust 
collectors has lessened their requirement for knocking down the dust; thWe is less 
water overflow from the condensers reducing water losses; the cooling emciency of 
water in the system is poor; and the spray of water on a metal pipe liastcms ijt-s failun? 
by corrosion. Water sprays are sometimes applied to the outside of metal Systems, 
although this is usually done to make effective an umh'rsized sysbun, to increase the 
capacity of a system, or to combat excessive summer atmosph(‘ric temperatures. 
Modern systcuns have b(ien compact(‘d so that cleanup can be mad(‘ in a relatively 
small area and mechanical losses thereby reduced. The reduction in the health 
hazard has been oru* of the mor(‘ important accomplishments of new systdus. Leak- 
age has been reduced to a minimum by making the cond(*nsers ol an impervious 
material which upon the first break-through Ls <‘asily detected and r<*paired ; tin* method 
of cleanup exposes workmen to a minimum of qui(‘ksilver fumes; and, b(‘caus(*of their 
simplicity and compactness, there is less quicksilver tied up to contaminate tlie 
atmosphere around a quicksilver plant. 

Exhaust Fans. — Discussion of exhaust fans has been givc^n jihead of des(‘ription 
of the condensers as there are three locations — for eitlnu* rotary or llerresliofl’ furnacT 
installations — in which they have been plact*d. 

The location determines the phy.sical n'cpiiremcnts necessary in the exhauster, 
although it is doubtful that there is any material nu^tallurgical advantage in one 
location over another. 

hi any of the older brickwork plants used cxhaust(*rs for maintaining a draft over 
the firebox, and these exhausters were nearly always located at th(‘ end of the con- 
densing system or at the base of the stack. They operatf'd in a W'(*t and corrosive 
atmosphere at temperatures probably ranging from 90 to 140' P\, and w(*re commonly 
made all, or in part, of wood to r(?.sist (corrosive attack. 

In modern mechanical furnaces they hav<^ been placed (1) between tin* furnace 
and the dust collector, (2) between the dust coll(‘(*tor and the (!ondens<Ts, and (Jlj 
between the conden.sers and the settling tanks or sta<fk. 

Although there were a numlajr of installations made as in 1, the tcniperatun* of 
the gases at this i)oint gave ris<5 to operating difllculties in bearing w(*ar and abras«\<' 
attack by the dust-laden gases. This w^as partly overcome by the use of wafer-cook <1 
bearings, but thf^se did not prove entirely satisfactory. 

The bulk of installations are as in 2. At this point, gas temperatur<*s are seldom 
over 400^F., and improvement in ball-bearing design and th(i inclusion of hc.*<- 
reflecting plates and fans on the exhauster shaft make modern exhausters entirely 
satisfactory in this temperature range. By placing th(^ exhauster after the 
collector, abrasive action of the dust is nearly eliminated and the gases arc still t d 
enough to be dry and therefore noncorrosive. 

The installation of the exhauster at the end of the cond<msing system has b(‘eej 
more popular with the development of acid-resistant exhausters. The old wot ‘ - 
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scroll and wood-impeller designs are unsatisfactory; however, corrosion-resistant 
metals or rubber-coated exhausters are quite satisfactory. The latter are more 
commonly used and, barring accident to the coating, are useful for a long life. 

It may be argued in favor of location 2 that (a) there is no corrosive attack by 
wet gases, (b) better dust-collector action and draft control is gained, and (c) any 
leakage in the condensers is immediately discernible and can be repaired. In favor 
of location 3, (a) severe bearing wear is eliniinated, (b) a smaller volume of gases is 
handled because of the lower temperature, and (c) the condenser system is always 
under a negative pressure, thereby preventing leakage of fumes. There is probably 
little to choose by except individual pniference and the somewhat higher cost of 
the rubber-coated fan. 

AJl iiiod(‘rn installations use electrically-driv(‘n exhausters, many of which are 
equipped with variable-spe('d drives in order lo make adjustments easily and quickly 
to control draft prop(‘rly under variable c*ondiiions. The power required varies from 
about 1 hp. at 10 tons daily eapacuty to 10 lip. at 150 tons per day. 

Settling Tanks. — Jhe utilization of settling tanks beyond the condensing system 
has bcfiome standard practice on most mechanical-furnace installations. Their 
function as a cooler in the eondcuising system is all but preehjd(*d by the fact that the 
gases at this point are wet and corrosive and that to be effective as a s(‘ttling tank 
they must be larg(‘, so cannot lie <*conoinically built of mat(;rial with a high rat(^ of 
heat transf(T. As a cons(»(pience, they are commonly built of wood. Tanks have 
ranged from 5 to 24 ft. in diameter and 6 to 20 ft. in height, and may be installed 
singly or in number. In a commonly used tank, the staves are 20 ft. in length and 
the tank is 10 ft. in diamciter and is supported by Js-in. steel-rod hoops. A conical 
redwood bottom facilitators cleanup. Kntry, from the eoi»d(‘nsing system, is usually 
made by ciitting a hoh^ in the sido^ of the tank, so that the (‘ntry pipe can be inserted 
on an upward anghi anywhere above the cone. The exit pipe is similarly cut in 
just above the cone and may lead to another tank, or stack line, or the stack maybe 
uiountoMi on the side of the tank, (kmnoction pipes are usually made of wood-stave 
pipo^ or tile. 

Although tliese tanks are poor coolers, they do provide a settling area in Which 
final traces of imcolhu'ted quicksilver may be collected. The reduction in velocity, 
plus the baffling effect gained by the eddying of the gas stream within the tank, assists 
in collecting th<* minute* globul(*s that may have carried through the condensing system 
attaclied to a particle of dust or droplet of w^ater. In some installations, baffles or 
sprays have been added to th(' tanks. 

The use of settling tanks adds a safety factor to the operation of all plants in 
standing by as additional collector in the event of misopcTation of other imits within 
th<‘ plant. Likewise, it providers a measure of over-all operation in that, if more than 
the usual amount of quicksilver is collected from the tanks, the condensing system, 
tonnage, and draft should be chocked for changes from normal operational procedure, 
i'he normal amount collecU*d, as in the condensing system, varies according to 
Hev(»ral factors; however, the tank system should not collect more than 1 per cent 
of the total quicksilver collected. If it exceeds this amount, stack losses may be 
<*vcessive. 

Stack Lines and Stack. — Beyond the tank system, the condensation and collec- 
of quicksilver should have "been essentially completed. The stack, therefore, is 
Pr imarily to convey the gases of combustion, water vapor, sulphur dioxide, and other 
r away from the plant for waste. The importance of a stack line, r.c., the line 
the tank system to the base of the stack, has largely declined with the universal 
‘ plication of exhaust fans to provide draft control. There are some, however, who 
‘ '»itinue to advocate their use, although it would seem that their only advantage 
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would bo as an additional collecting facility or to raise the stack to such an elevation 
that power requirements on the exhaust fan are reduced. Modern plants are, there- 
fore, about equally divided between those using a stack line and those which mount a 
stack on or alongside the final tank. Stack lines, likewise, are about equally divided 
between tile and wood construction, whereas stacks are almost entirely of wooden 
construction. Redwood is the commonly used wood in the construction of tanks, 
connection pipes, and stacks, although fir has been used. It withstands the action 
of the acid quite well, and the life of these units will probably average 5 to 10 years. 
The temperature of the gas at the stack should not exceed 140°F., lest high stack 
losses be encouraged. They will run down to relatively low temperatures depending 
upon the atmospheric temperature. 

Soot Machines. — Soot machines have been developed to handle the procnict of the 
condensing system, commonly referred to as '^soot^^ or “imid,^^ although in most 
of the older plants, and even up to quite recently, it was worked by hand. Soot 
includes dust that escaped the dust collector and was knocked down in the coildensers, 
unoxidized sulphur precipitated out of the gas stream, residues from unburiW fuel, 
precipitates from other volatile constituents of the ore (As, Sb, etc.), water and quick- 
silver. It is collect(5d in buckets or launders under the condensers, settling tanks, and 
from the stack line and stack. The quantity varies greatly, as pr(*viously shown, 
as does the percentage of the constituents. 

Older practice consisted of decanting the water from soot, mixing in unslaked lime 
to dry it and make the finely divided (floured) quicksilver coalesce into large globules, 
and hoeing. The .soot was placed on an iron table varying in size from 12 to 50 sq. ft. 
with 4-in. sides and set with a slope to one corner. It was then manually hoed (mixed 
and raked) across the table, and the separated quicksilver flowed to the low corner, 
from which it overflowed through a gooseneck to a storage pot. 

Under the table, steam or hot-water pipes and not uncommonly a wood fire assisted 
in drying the soot and facilitated the separation. The (quicksilver fumes escaping 
from the table, though probably not so large as to constitute a serious loss of quick- 
silver, contaminate the surrounding atmosphere with a conctmlration sufficiently high 
to be dangerous to the workmen. Various ventilating systems have proved only 
partially successful. 

Because of this hazard, the cost of labor, and th(‘ fact that a sometimes rather low 
recovery is made by hand-hoeing, numerous mechanical devic(‘s have btHm devised. 

The most wddely used is a circular pan, 3 to 6 ft. in diameter, w ith a vertical central 
shaft to carry mixing and stirring paddles. The soot and lime are placed in the pan 
and hoed by the rotation of the paddhjs either for a predetermined period or until the 
soot is impoverished of the bulk of the quicksilver. For best operation, the paddles 
rotate at 5 to 10 r.p.m., and the pan is set on an inclination of about 1 in. per fi. 
A slot at the low point of the pan, connected with a gooseneck, creates a puddle w hich 
assists in the collection of the finely divided quicksilver. The pan niay or may not 
be equipped with a heating device, although a hot-w ater compartnumt, k<»pt at 150 to 
160®F., materially improves results. The top of the machine may be tightly enclose<l, 
thereby preventing fume leakage. When driven through a worm reducer, the pow er 
required ranges from 1 to 5 hp. 

Many other devices have been used, some with good success, but the above ty}>" 
is most commonly used. Other types include agitators (both wet and dry), centrifuge 
types, presses, screw classifiers, and probably many others. 

In most instances the hoed soot is returned to the furnace feed so that the unre- 
claimed quicksilver in the soot is ultimately recovered. At some plants a retort 
kept in operation for the treatment of the hoed soot on the basis that returning 
soot to the furnace only increases the dust problem. Because the soot collecti 1 
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seldom exceeds 10 per cent of the dust collected, this does not seem important, and 
at several operations tests showed that dust conditions were no less favorable when 
tlie dust was returned to the furnace. 

Auxiliary Equipment. — Additional equipment required in the modern furnace 
plant is not extensive and includes that common in other milling plants, su(*h as bins, 
crusher, screens, conveying or elevating equipment, and a power plant. 

Bins required are for coarse and tine ore and for burnt ore. Many of the new 
plants have utilized steel bins for fine orti and burnt ore but have kept wood bins for 
coarse-ore storage. The result is larger coarse-ore storage and a reduction in fire 
hazard in the main plant. Many concrete burnt-ore bins are in use, and although 
they have a tendency to crack from the heat, their usually small size (10 to 75 tons 
capacity) does not make this serious. 

The (Tushing of quicksilver ores is perhaps less difficult than that of many others. 
I'^xcept for the opalite and rhyolite ores of Nevada and Oregon, a few hard limestone 
ores, and still few'er hard serpentine ores, most qui('ksilv(‘r occurs in sandstones or 
shales that are relatively easy to crush. In preparation for rotary furnaces, the ore 
does not have to be r(*duced lo less than 2 to 3 in., which can b(‘. accomplished in a 
single pass through a jaw crusher. Inasmuch as hearth furnaces require a smaller 
size of feed, installations for plants of this type usually include a jaw crusher in closed 
circuit witli a shaking screen and ne<^essary conveyer or elevators. Because the 
greatest numbe^r of quicksilver plants fall within the range of 20 to 75 tons daily 
capacity, jaw crushers commonly range from 6 X 8 in. to 10 X 20 in. in size and are 
mostly of the ITniversal or Blake type. Screens, where used, are of the shaker type 
and are sized according to the hearth-furnace requirements. 

(kmveyers or bucket elevators, because of the usually small capacity required and 
bec^ause plants are relatively compact, are not extensive. 


T.\ble 4.— Installed Horsepower Requirements for RoTARy-FURNACE Plant 

Instaliations 


Daily plant capacity, tons 


1. Kiln 

2. Feeder 

3. Exhaust fan 

4. Compn^ssor for oil firing 

5. Oil pump 

0. Oil preheater 

7. Crusher 

8. Conveyor 

9. Lights and miscellaneous 

1 9. Total horsepow'cr installed 

11. Hsually installed generator, kw. 


8-12 

12-25 

25-40 

40-60 

60-100 

100-150 

1 

2 

3 

3 

5 

7H 

1 

2 

3 

3 

5 

7H 

1 

2 

3 

5 

7H 

10 

3 

5 


10 

15 

25 

}i 


H 

K 


1 

H 

l,'4 

2 



4 

5 

7H 

10 

15 

20 

25 

1 

2 

3 

3 

5 

7y2 

2 

2 

3 

3 

5 

10 

15 

24 

35 

45 

661^ 

97>i 

" 15 

20 

"30 

40 

50 

75 


Items 4, 6, 7 8. and 9 are at average conditions. 


The power requirements for all quicksilver-reduction plants are relatively smaU. 
although the number of plants that are .served by power companies are ’nexeMm^ 
iu* majority of plants have to generate their own. Ihe powei^onsume ™ 

.>!ante, as aLady stated, was little and was usually steam. This was replaeed with 
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the development of the oil engine, and up to the First World War most plants were 
line-shaft driven. Since that time, however, the improvement of diesf'l engines has 
been responsible for their greater application 1-ogether with alternating-current 
generators. This has made possible individual electric drives on each piece of equip- 
ment with attendant greater flexibility and efiiciency. 

The installed horsepower requirements ol rotary-furnace installations, together 
with the usually installed size of diesel-generator plant, are shown in Table 4. Re- 
quirements for compressor and oil preheater are subject to change for altitude and 
climate conditions; for the crusher depending on type of ore; and for conveyer and 
lights and miscellaneous, on topographic, camp, layout, and other factors, j 

Actual power consumption will be approximately onc'-half the installed horse- 
power when the plant is op(‘rating continuously. \ 

Control of Operations and Assaying. — (Quicksilver-plant operators largely depend 
on the manufacturer to provide a furnace designed to operate (*fl*ciently\ within a 
certain tonnage' range on a particular type of ore*. As a conseeiut'nce, it is il|p to the 
manufacturer, base'd on an estimation of the* various factors previously eh;.scril^)ed, and 
expericne^e, to provide a plant nuM'ting the temnage sixu'ificatiems. Tangible and 
intangible fae*tors are, thc're'forc, considered in sucli design, anel afte*r inst-allatie n is 
mad(5 certain te'sts can be pe*rformed to .set up ope'rating conditions at various temnage s. 
Likewise, sucli te'sts should be performed when change's of ore* eiccur, as in e*haractci, 
grade, and moisture and sulphur content, or wh(*n e*epiipment or other re'lat(*d e*ondi- 
tions are? changed. 

The tests consist of making an accurate de'termination of the* weight of the eire 
Ix'ing treateid and its moisture conte'nt ; the grade of ore must be el(*te*rmined ; tlie fuel 
coiLSumption must be me;a.sur<Hl ; a determination ot the CO 2 e'ontent in the furnaee 
gases must be made; anel pr(‘s.sure and temipe'rature re'adings mu.st be taken through- 
out the plant. With the results of these te»sts in hand and as devseribed in more dedaii 
in U.S. Bureau of Mines Bulletin 335[81, it is possible tei adopt ope'rating conelitions 
within safe limits. 

In practice it is common to measure ore by occasionally weighing a e*ubic foot and 
then a.ssigning weights to cars, trucks, or othe'r nie'ans employe'd to transport tlie ore* 
into or away from the plant, hew plants we*igh automatie*ally e»r continuemsly. 
Likewise, occasional clievks are* made on moisture content and grade* of ore*. The* 
difficulty in sampling of quicksilver ores due to th<i erratic occurrence ot the cinnabar 
in the ore and its friability and tendency to concentrate in the fines increases the 
difficulty of checking metallurgical operation; however, if carried out c^art'fully and 
with duo recognition of the factors involved, sampling will give good nwults. A.saay- 
ing the samples is usually pc'rformed in the Whitton apparatus or by the so-called 
Bureau of Mines method [9], the latter being pr(*f erred bc'caiise of its great r*r accuracy 
and because assays may be made more quickly. 

In the Whitton method, the ore sample, together w ith fluxes, is placed in a nictjd 
retort tube closed at one end. A clean, weighed gold or silver foil is pla(‘cd over the 
open end and a metal cup clamped down on it, sealing the retort. The cup is filled 
with water, and as the retort is heatc^d, the quicksilver vapor rises in the retort to tl>c 
foil, on which it condenses and amalgamates. The foil is again wuughed, the increase 
showing the amount of quicksilver in the sample. 

The Bureau of Mines method, described in detail in Technical Paper 227, consisiH 
of volatilizing the quicksilver in a sample, in a test tube, and collecting the qin< 1 - 
silver on the cold upper walls of the .same test tube. After complete; volatilization 
the quicksilver, the lower half of the test tube, including the bunit sample, is brotin 
off and discarded. The upper half ineduding the <;onden.sed quicksilver is wasli< ^ 
with nitric acid in a beaker, potassium permanganate added to this solution unti i 
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remains colored, and peroxide added until the color disappears. With ferric sulphate 
as an indicator, the solution is then titrated with potassium thiocyanate. This 
method is simple and can easily be used in plant control work for checking head 
samples and also burnt-ore samples. 

Fuel consumption is measured either by meter or by gauging fuel tanks and for the 
purpose of test periods can be measured quite accurately. 

Determination of the CO^ content of the furnacci gases should be made in order 
to determine the total gas volume and the amount of excess air drawn through the 
furnace. From the former it is possible to calculate stack losses, and from the latter 
a measure of the thermal efficiency of the plant is gained. These determinations need 
not be made at frequent intervals after operating conditions an? established. 

The use of a draft gauge to measure pressures throughout the syst(‘m and a ther- 
mometer to chock temperatures at frequent intervals are the two most pracfical 
applications to control of operations. If it is assumi'd that, after a general checking 
of one plant, operating conditions have been established within ciTtain ranges, the 
draft gauge and the thermometer give a relative indication of all conditions. As a 
consequence, these are the only instruments generally relii'd on for indicating or 
recording, continuously, conditions affecting control. Thermometers are usually 
installed to measure temperature of the gas stream somewhere between the furnace 
and the condensiTS, and occasionally at the end of the condensers and at the stack. 
Draft gauges are usually installed on the furnace at the gas outlet and occasionally in 
the condensiTs or at t he stack. A manometer is often installed at the fan to measure 
the bai*k pressure of the dust collector. The us(‘fulnesb of draft gauges is their ability 
to measure changes in pn^ssure in the system caused by leakage or by plugging so that 
proper steps may be tak(‘n to alh'viate the trouble. 

For the most part, quicksilver plants operate with very little control apparatus 
after th<*y have onc(‘ been adjusted and regulated. Occasional check tests are very 
desirable, but normal operation is \isaally left to the operator, who, by observation, 
can quite easily detc'ct chang(‘s in conditions as they develop, because simple regu- 
lation to offset these chang(?s is possible, automatii? control diwices are not usually 
justified. 

Losses. — Ijosses in quicksilver-reduction plants may occur at the following points: 
(1) in the burnt ore, (2) in the dust, (3) through the stack, (4) by solution or mechani- 
cally in water overflow, (5) by spillage and through handling. 

Ix)sses in the burnt ore are primarily a function of the temperature at which the 
rock is burned and the period it remains at or near that tempiirature. In most 
operations the burnt-ore loss can Ik? considered as very small, although on low-grade 
ores the economy of striving for complete extraction is sometimes offset by fiu'l cost 
^'vTsus in(*reas(*d furnace capacity and greater gross production. It is difficult to 
establish the point at which one offsets the other, owing to the differences in burning 
characteristics of different types of ore, cost of fuel oil, and the price obtained for the 
quicksilver produced. In properly operated furnaces, however, and on av(?rage grade 
<u(‘s, the burned rock may show average assays of 0.02 to 0.05 lb. per ton. Many 
operations chocked show low^er values than these, and of course, there are some that 
^uri higher. 

Dust losses have been discussed and the amount shown to be, on average ores 
^ores averaging less than 8 lb. p<*r ton), approximately equal in grade to the grade of 
*he ore. If the dust collected repre^seiits *4 ^ 

b edj these figures would represent the loss in the dust if no attempt was made to 
f’<‘(‘over any of the values from it. 

Stack lo8S(?s have probably been blamed in more instances than anything else for the 
‘‘ulure of a plant to recover quicksilver from the ore; however, most operators as well 
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as many others have used a variety of procediires to determine their exact amount. 
The more reliable tests show that they are nearly always small, and there is little 
reason to believe that, with a condensing system properly designed and operated, 
losses could represent more than 1 per cent. The best evidence of low stack loss is 
that, if it was as high as has been suspected, it would coat the surrounding area with 
quicksilver in a short period, thus advertising such a loss. When periodic cleanups 
of the stackline and stack do not recover much quicksilver, there are not high stack 
losses. 

Quicksilver lost either mechanically or by solution in overflow water from the 
condensers should be nearly negligible. All overflow water should be collecltMl in 
launders and run to settling boxes arranged with baffles to cause the current! to under- 
flow. This will collect most of the mechanically transported metal; the\ metal in 
solution could not be economically recovered. \ 

Spillage and handling losses are a matter of good housekeeping and supervision. 
Concrete floors in the areas under the condensers, with drains to the launder^ leading 
to the settling boxes, should always be laid and kept in good repair. Smooth Surfaces 
and the filling of any cracks that might develop make it possible to clean up the area 
and recover any quicksilver that may have been spilled. The development of a 
careful operating routine will also assist in avoiding losses of this type. 

In general, it may be stated that all lo8S(‘s in a well-designed and -operated plant 
should not exceed 5 per cent, and under cortain conditions and with devices to assist 
in the recovery of dust, water, and spillage, losses may be reduced to as litt le as 1 or 
2 per cent. 

Cost of Furnace Plants. — It is difficult to compare furnace-plant costs in d iff (‘rent 
years due to economic conditions, relative value of the dollar, differences as to extent 
of equipment included, and differences in the cost of installation due to lo(^ation. it 
is interesting, however, to note that the range $500 to $1000 per ton of daily capacity 
has been used since the earliest American plants were built and is still a good figure. 
By virtue of the decreased value of the dollar, however, this would indicate that 
modern plants arc actually le.ss expemsive. EglestonllO] n'ports the cost of the two 
modified New Idria type furnacos at the Redington mine in ('alifornia as betw(^en 
$100,000 and $125,000, built about 1868, and the cost of Knox-Osborn furnaces as 
between $14,000 and $9000 in 1874. Inasmuch as the capacity of the modified New 
Idria type furnaces was about 30 tons per day and the Knox-Osborn furnaces 24 and 
12 tons per day, their cost per ton of daily capacity was, roughly, $2100, $600, and 
$750, respectively. It is quite likely, however, that the cost of the Rc^dington plant 
may have included more than just furnace-plant equipment. 

Scott furnace plants, since their inception, have been figured at $400 to $1000 per 
ton depending on capacity, location, and the times. In 1917, Bradley [111 stated 
their cost, though influenc(?d by wartime prices, would approximate $1000 per ton of 
daily capacity, although he recognized that they had been built at lower costs. 

Mechanical furnaces at approximately the same time W'Cre estimated at betwe(*n 
$600 and $1500 per ton of capacity; however, improvements in their de.sign and opera- 
tion have gradually increased their capacity, thus lowering per ton costs. All thingf« 
considered, the hearth- type furnaces are slightly higher in cost than rotary-fumaco- 
plant installations. The quoted prices and estimates of several common sizes oi 
rotary-furnace plants by one manufacturer(41 as of July, 1941, are showm in Table 5 
Because of wartime inflation, these costs are approximately 15 per cent above average 
prices for the period 1935-1939. 

Although installation costs have been estimated, they are approximately th‘ 
average of a number of plants of each size built at that time. These costs include ai 
engineering costs, and the installation cost includes the services of an operator f^r 3U 
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days after completion of the installation to train the operating crew , make tests, and 
develop the operating routine. 

Table 5. — Approximate Costs of Rotary Plants, July, 1941 


Kiln, including shell, ride and driv(‘ 
mechanism, sc^al rings, speed reducer, 

frame, hoods and shaker feeder S 3,025 S 3 910 $ 6,889 $10,180 

Oil-firing (‘quipnamt, including compres- 
sor, receiver, oil punip, gauges, meter, 
strainer, preheater, and 2 complete 

l)unicr.s 679 982 1,089 1,315 

Dust-collecting c‘quipm(‘nt, including 
collector, (‘xhauster ns^eptacle, and 

connections ^^78 | 596 785 1,045 

Condensing syst('m, including cast-iron 
lioppers, pipes and returns, n'dwood 
tanks and stack, recording tlierinom- 
eter, conn(‘ctions and cond(‘n8ing-sys- 

tem auxiliaries 2,030 2,655 4,325 6,415 

Motors and drives, including kiln, feeder, 

compresvsor, oil pump, and exhauster 868 847 1,038 1,325 

Power unit, including caterpillar diesel- 
generator unit w ith fuel-transfer tank, 
switciiboard wuth motor switch gear, 

and lights transfomier 2,317 2,699 3,519 4,7 9 

Prick, including lining for kiln and firing 

hood 80 422 753 

Fuel-oil-storage tank, bolted-stec‘1 con- 

struction 275 378 520 545 

struction... 28 1,350 

Steel fine-ore bin i ahr 

^ . 1* 706 1,082 1,095 

Steel burnt-ore bin 

Crusher, including cast-steel jaw' crusher, 

motor, starter and drive . J • 108_ 1,180 _ I, 383 _ 

1 s..,*.? ,u,7«o »o,6i5 

estimated cost of freight, excavation, 
and installalion, including all concrete 
work, ('oarso-ore bin, (conveyer, frame 

and corn.Kated-iron building, and pip- ^^.250 

mg and wiring ZJ± - 7 - " - “ 

Estimated total cost of installed plant. . . — 

'W per ton capacity, iiwtalled at aver- ^ 

age of tonnage rating ^ 1,682 $ , 

Operating Coats.-Operating costs, even a. the cost of the 
■>'Kely predicated on the times and vary with the price of 

the two principal items of cost. Table 6 shows a hypothetical estimate of coste 
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of rotary-furnace-plant operations based on 1044 and 1941 conditions. Actually, 
costs for the period 1935-1939 would approximate 20 to 30 per cent low^er than the 
1941 figures. 

Table 6. — LJstimatkd Cost of Operation of Rotary-furnace Piants, 1941 and 

1944 


Average of daily rat('d capacity, tons 
pcT 24 hr. 



10 

181^ 

32^2 

50 

1 1 

JO, 

125 

Firemen, number required 

3 

3 

3 

3 

M: 

3 

Cleanup men, number required 



1 

1 

0.63 ' 

2 

Foremen, number required 

Labor cost per ton, 1944 

2.85 

1.54 

1.17 

0.76 

1 

\0.48 

Labor cost per ton, 1941 

i 1.80 

0.92 

j 0 74 

0.48 

0 43 

0 32 

Oil consumption, gallons per ton 

1 7^2^ 

7 

6^2 

6 

54 

5 

Oil cost, per ton 

0.64 

0.60 

0.42 

0.39 

0.36 

0.33 

Supplies, repairs, pow'er and mainte- 
nance, pcT ton 

0.60 

0.50 

0.40 

0.35 

0.30 

0 20 

Total operating cost, per ton, 1944. . . . 

4.09 ! 

~2 64 

1 99 

1 50 

1 29 

1 1 10 

Total operating cost, per ton, 1941 .. . 

3.04 

1 

2.02 

1 . 56 

1.22 

1.09 

0 85 


Although these fig\ir('s are based on hypothetical requirements, th(‘y approximatt' 
actual costs for the two periods m(*ntioued. l^abor costs for firtunen and cleanup men 
are based on $9.50 per day, average', daily vrage (7 days per wec'k, including 1 day at 
time and on(*-half and 1 day at double time), including compensation insurance, social 
security, and urumiployinent insurance, for 1944, and $G per day for 1941. Foremen 
are bracketed at $12 per day in 1944 and $10 per day in 1941, })eing the averagt* daily 
rates over a monthly pcTiod. 

The variation in oil consumption is purel}’ hypothc'tical, although it may be stated 
as average figures. A diffcTence of 2 cents per gallon is allowc'd on Die cost of fuel oil 
for the two smaller sized plants, their fuel being figurc'd at an average' of 8*^ cemts per 
gallon, wlu'reas the largiT kilns are assumed to use luiavy oil at 0^2 cents per gallon. 

Supplies, fc'.pairs, power, and maintenance are estimated, in a liberal amount, to 
cover these items. Supplies include only lime for hoeing. Repairs and maintenance 
are generous enough to provide, over a period of 2 or 3 years* operation, for all charge.s. 
Power is figured at an average for purchased or locally generated power, including 
repairs to power plant if locally generated. 

While these figures are estimated as av^erage figures for rotary-furnace operations, 
there may be substitutial variation.s in either direction depending on ore cha^acteri^' 
tics and local conditions, although they may be used for estimating purposes. 'Hic 
sometimes lower quoted costs of Scott or other brickwork-furnace operations, an<l 
even other rotary- or hearth-furnace operations, if translated to present conditions, 
variations in ore being treated, or other operational factors, would approximate th<‘ 
figures of 1'able 6. 

Description of Plants. Nrw Idria Mincy California, — Figure 9 shows the fl< 
sheet of the New Idria plant. Furnace equipment consists of four 5 X fi ft. rotiir • > 
built in 1917. They have recently been rebuilt and the complete plant modernm -n 
The burnt-ore bins are concrete. The kilns are fired with 16 to 18®B6. fuel oil - 
National Aerol burners. Air pressure is 90 lb. per sq. in. and oil pressure 28 lb. V * 
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dq, in. The firing hoods are so designed as to mix the air and oil in a mixing chamber 
and fire through a combustion block, all set outside the kiln, in order to gain as great 
an effective length in the kilns as possible. Shaker feeders feed an average of 100 
tons per day to kilns 1 and 2, and 120 tons per day to kilns 3 and 4. Gases are drawn 
from each kiln by .\meriean Blower Co. No. 35 exhausters through No. 12 Sirocco dust 
collectors. The condensing systems on kilns 1 and 2 include forty 16 in. X 12 ft. 
cast-iron pipes with 12 hoppers and 10 returns j on kilns 3 and 4 each system includes 
60 pipes of the same size and 1 8 hoppers and 15 retiirns. Numbers 1 and 2 are double- 
row double-deck systems, and Nos. 3 and 4 are triple-row double-deck systems. The 



Idna aeria! tram 
3. San Car/os acnaffrnm 

4 125' fon coane ore bin 

5 l8'%onveyor bed 

6 IS’'x24" Jaw crusher 

7 l6’'Conveyor belt 

6. 650-kin steel fine ore b/n 
9 18" Conveyor be/t 



o Jo' 20* 30*40 *50* 
SC/IL£ 






V 



V 

"VN 





(^i 

m) 



/ locomotive tram ft Of n rmne H 1 2"Cyclone dust collectors 


18 No 30 Exhaust fans 

19 60 P/peC / Condensing systems 
70. dO Pipe C / Condensing systems 
2! lOx k) 'Redwood settling tanks 

22 f8" Redwood stave pipes 

23 36" Redwood stack I me- 140* 

24 36" Redwood stack- 40* 

25 Hydraulic classifier fbrrnud 

to iS^DisInbuling conveyor belt 20 Overflow to burlap and setHing boxes 
// SO-ton surge bins 27 6 'Hoeing machine 

12. lO'^Shaking feeders 28 5ft U for triple distilling 

13 5'x 56' Rotary kilns 29 Fla s king room 

14 Firing hoods 30. Empty nask storage 

15. ISton concrete burnt ore bins 3t. Flask enameling oven 
16 Locomotive tram lb waste J? /4ssay laboratory 

Wash and change room 

Fig. 9. — New Idria flow sheet. 
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tank system, as illustrated, is ina<i€’! up of 10-ft. diameter by 20 ft. high rcdw'ood tanks 
witlj 2-in. staves. The stack line consists of a 36-in. redwood continuous pipe to a 
concrete stark base supporting a 36-in. redwood stack 40 ft, high. It will be noted 
that each kiln and condensing system is kept separate until the middle of the tank 
s>\stom is reached. Dust is removed continuously from the collectors hydraulically 
and is combined wit h all condenser-system overflow water and all spillage on the floor 
^oid run through a specially designed hydraulic classifier. All soot is mechanically 
and the soot returned to the furnaces. The quicksilver, after leaving the soot 
-^vachiiie, is washed and flows directly into storage tanks, from w^hich it is drawn for 
'^■^Hking. All flasking is done through a volumetric weighing device to ensure accurate 
'^n*asure. Ore is transported from the mine by two aerial tramways and by electric 
' 'Ullage to a tramway terminal bin of 125 tons capacity. From this bin it is eon- 
' 'Ted to a 15 X 24 in. jaw crusher, all being reduced to minus 3 in. A second con- 
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veyer moves the crushed ore to a 650-ton steel fine-ore bin. A third conveyer dravrs 
from this bin and feeds a shuttle conveyer over the top of four furnace surge bins of 
approximately 50 tons capacity each. The ore feeds by gravity from these surge bins 
into the shaker feeders. The mine is served by a 55-mile power line. 



Pinchi Lake Mine^ Britinh Columbia, Canada, — J'igure 10 shows in general tb 
flow sheet of this installation. Furnace equipment consists of three 25 ft. diam 
eter Wedge furnaces and two 46 in. X 60 ft. rotary furnaces. This plant, built withi*' 
the past three to four years, is the largest quicksilver plant in the world, having a dail' 
capacity of 1300 to 1400 tons. 

The flow sheet is self-explanatory; however, several interesting features an^^ 
innovations are noted. Because of difficulties of transportation, all furnaces wei' 
originally installed to be wood-fired. After some experimentation, fair results wer 
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obtained with a wood consumption of 11 to 15 tons of ore burned per cord of wood. 
Because of increasing diffic\ilty in obtaining suitable wood, oil burners w^ere later 
installed on all furnaces and the Wedges were fired one-half with oil and one-half 
with wood. I'he rotaries were converted to all oil-firing. Operation in general was 
improved by this change. Very short stack lines from the Wedge furnaces is at 
variance with most American plants, as satisfactory recoveries are obtained in the 
condensing units. In order to facilitate cleanup, screw conveyers have been installed 
under each condensing system to transport all mud and quicksilver to a central 
“refinery.^* Here it is hoed either manually or on a mechanical hoeing table. The 
hoed soot is pumped to the Wedgeis, where it is injected through a jet directly onto 
one of the hearths. Overflow water is settled in two thickeners, followed by a scries 
of settling tanks. Each furnace has two exhaust fans arranged in parallel, one of 
which acts as a spare. These are located at the end of th(^ condensing system. 
Because adequate water is available, all burned ore is sluiced away from the furnaces, 
the bunied ore from the rotary furnace soaking pit being fed into the flume by shaker 
f(»eders similar to those used for feeding ore to the rotarh^s. The flumes are lined 
with preformed lead smeltery slag brick to minimize wear. Ore is delivered by electric 
haulage from the mine to two 4()0-ton coarse-ore storage bins. A 32 X 40 in. jaw 
crusher, with an 18 X 36 in. jaw crusher as a spare, reduces it to minus 3 in. and it is 
then conveyed to a 5 X 10 ft. double-deck vibrating screen with 2 J 2 - and 1-in. 
screens. The minus plus 1-in. product goes directly to two 100-ton fine-ore 

Inns for the two rotary furnaces. All plus 2}im. goes to a T-T gyratory crusher or a 
KSymons disk (which acts as a spare) delivering a minus 1-in. product. This is con- 
veycid either to a 250-ton fine-ore bin ahead of one of the Wedges or to a 650 fine-ore 
bin to feed tw’o of the Wedges. All powder is generated on the property by several 


diesel generators totalling approximately 2000 hp, 

Cordero Mme, Nevada.— Tho furnace used at this property is the three-zone 
Herreshoff furnace, described under Hearth Furnaces, and is the only furnace of this 
type used in quicksilver-ore reduction. It has a capacity of approximately 126 tons 
per day and owing to the utilization of waste heat shows excellent fuel consumption. 
The condensing system, shown in Fig. 11, is made up of 9-in. tubes, the hottest section 
made of 12-gauge black iron and followT.d by cast-iron and, finally, 24-gauge stainless 
steel (Type 317). The exhaust fan is located after the condensers and is followed by 
a 5 ft. diameter by 24 ft. high settling tank on top of which is mounted a 24-ft. stack. 
Owing to the flat topography, several re-elevations of the ore are necessary, for wmich 
conveyer belts have been used. The ore is delivered by truck to a small receiving bin 
from which it is elevated by conveyer to a 150-ton coarse-ore bin; at the bottom of 
this bin a shaking screen and feeder delivers the minus-l-in. material directly on to 
aia^her conveyer bolt and the plus-l-in. ore to a 9 X 21 in. jaw crusher, the product 
of which combines with the minus 1 in. on the same belt; this belt elevates the ore 
to a 25a-ton steel fine-ore bin; a weightometer feeder under this bin feeds another 
conveyer which elevates the ore to the furnace. Because of the construction ot this 
furnace, ore is discharged at approximately 300 to 350'’F., and a conveyer is used to 
transport the burnt ore away from the furnace to a stock pile from which it is occasion- 
ally removed by truck or dragline. Power for all operations is generated on the 
J^roporty by Cummins diesel-generator units. u 

Sulphur Bank and Reed Mines, California.— Vaesf: two mines, although havmg 
<|.ate distincUy different types of ore, have one problem in common, and the same 
a . ihod has been adopU*d at each plant to overcome the trouble Jhe ore at the 
«-ilphur Bank has a very high content of free sulphur Ihe ore, at ^ 
«:'!>reciable free sulphur content and, as well, as much “ ® P 

'roleum. The furnace at the Sulphur Bank is a 4 X 50 ft rotary, and the one at 
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the Reed is a 4 X 60 ft. rotary. In the original installation at the Sulphur Bank and 
in an earlier installation at the Reed, the furnaces were arranged for counterflow 
operation. Experience showed, however, that the free sulphur and the petroleum 
burned in the upper or drying end of the kiln but burn(‘d incompletely, owing to lack 
of oxygen, thus causing the pretupitation of sulphur and petroleum soot in the con- 
densing system. 

This situation was so troublesome that the kilns were rearranged for parallel flow 
in order that the ore, upon being fed to the kiln, is immediately exposed to the highest 
heat and most oxygen, thus more completely burning off the sulphur and petroleum. 
Although in this type of kiln, the low^er end is U8(*d for soaking, advantage cannot be 
taken of the drying effect in the upper portion of a counterflow kiln, and fual consump- 



Fig. 11. — Cordero mine condensing system. 


tion and temperature of gases leaving the kiln are both considerably higher. Fu<‘l 
consumption in these operations ranges between 15 and 20 gal. per ton, and exit 
temperatures approximate 1000°F. This latter fact requires (or permits) that con- 
siderable cooling be accomplished before the gases rea(h the condensing system. hi 
the case of the Reed plant, longer than usual pipe runs between the kiln and cyclone 
type of coll(!Ctor and between the collector and a castr-iron condensing system act as 
the cooler so that gases enter the east-iron system at near normal temperatures.^’ 

This is a special problem known only at these mines, and there have been no other 
successful parallel-flow rotary-kiln installations. 

Red Devil Mine, Alaska.— The furnace at this mine is a 3 X 40 ft. rotary furniK'c 
of 20 to 25 tons daily capacity with 8-in. shaker feeder, 10-in. Sirocco dust collector. 
No. 26 American Blower Co. exhaust fan, cast-iron condensing system made up 
16 in. diameter pipes, two 10 ft. diameter by 20 ft. high redwood settling tanks, 110 ■ ‘ 
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of 18-iii. redwood stacklinc, and a 40 ft. high 18 in. diameter redwood stack. The 
furnace is fired with wood fuel, and consumption amounts to approximately 11 to 12 
tons per cord of wood. Good combustion is obtained and, possibly because of the 
character of the wood used, no wood tars are condensed in the condensing system. 
Ore is hand-trammed and hoisted from the mine into a 20-ton coarse-ore bin which 
feeds an 8 X 15 in. jaw crusher. It is (crushed to minus 2 in. and fed to a conveyor 
belt that elevates and feeds a 40-ton steel fine-ore bin directly over the furnace fec^der. 
The capacity of this furnace is somewhat reduc(‘d by comparison with other installa- 
tions of the same size for the following reasons: because of wood firing, the volume of 
the gases of combustion is considerably greater than for oil firing; th(' ore carries an 
average of 1 to 3 per cent arsenic and 5 to 10 per cent antimony, either of which may 
at times exceed twice these amounts, and thus requir(;s a greater volume of air for 
oxidizing these volatile components; and the moisture content of the ore is relatively 
high (10 to 20 per cent). Because the cinnabar is intimately associated with the 
arsenic and the antimony, it is nc^ces.sarj'' to make a nearly complete elimination of 
these metals in order to effect a complete recovery of the quicksilver. Unless suffi- 
cient air is provided to oxidize the stibnite, it has a tendency to melt, thus causing the 
ore in the kiln to stick to the brickwork. Careful control of fire and draft, however, 
makes it possible to get a good elimination of all quicksilver from the or(‘ without 
clinkering in the kiln. Because of the relatively large amounts of antimony and arsenic 
in the ore, and because it w^as found necessary nearly to (eliminate it from the ore by 
roasting, a large bulk of the oxide of the two metals was colle<*,t(’(l in the condensing 
system. This bulky precipitate wuis a part of the soot and made* recovery of the 
quicksilver from the soot considerably more difficult than is normally the case. By 
hand hoeing it w^as found that frequently less than 10 per cent of the quicksilver could 
be recovered so that two O n'torts, which had been used in prospecting the mine, were 
put into use to burn the soot after hoeing. This providc'd a good recovery, however, 
and the proc^edure was adopt(‘d. Despite the large amounts of antimony and arsenic 
present, the contamination of the quicksilver by cither of these elements was practi- 
cally nil. Sampling of 1000 fhisks show^ed no arsenic and 0.003 per cent antimony. 

Hermes Mine, Idaho . — The reduction plant consists of two modern rotary furnaces, 
4 X 64 ft., having a capacity of approximately 140 to 150 tons per day. With dry 
ore in the summer, this capacity is somewhat exceeded; how'cver, during the spring 
thaw the ore is very wet and the tonnage may be 15 to 25 tons less than this. The 
kilns are oil fired with heavy oil (16 to 18"^ Be.), and fuel consumption varies with the 
moisture content. Hie collectors are No. 11 Siroccos and are followed by American 
Blower Co. No. 30 exhaust fans. Condensing systems include forty 16 in. diameter 
by 12 ft. lengths of cast-iron pipe with 12 hoppers and 10 returns, set up as a doufile- 
Mv double-deck system. Two 10 ft. diameter by 20 ft. high redwood settling tanks 
with conical bottoms, in series, follow the cast-iron system. Redwood stack lines 
and stack follow the tanks. In order to lower the temperature and knock down any 
quicksilver in the settling tanks, several grids made up of 1 X 2 in. fir, with 2 in. square 
openings, were plac’cvl one over the other in the tanks. A spray of w^ater introduced 
9 t the top of the tank made each tank a w’ashing tower, and although little quicksilver 
is collected, it is reported to have justified the installation. Firing is effected through 
high-pressure oil burners, each kiln being equipped with a 15-hp. compressor for 
atomization. All dust collected in the collectors, amounting to about 500 lb. per day 
per kiln and being of too low value to w’arrant re-treatment, is sluice'd away from the 
plant with water. The high-grade soot collected in buckets under the condensers is 
normally hoed on a water-heated hoeing table. The residue from this operation, plus 
other low-grade soot, is dried in a tunnel drier extending through the burnt-ore bin 
and returned to the fine-ore bin. 
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Concentration of Quicksilver Ores. — The general opinion, by most quicksilve 
operators and others who have investigated the possibilities, that (joncentration o\ 
quicksilver ores cannot compete with direct furnacing, has largely been borne out by 
the failure of this method to remain or to become firmly established. Like the 
development of furnacing and condensing equipment, most experimenting and most 
installations were made when the price of quicksilver was high and operators more 
prcsperous. Consequently, it is reasonable to believe that better than average 
engineering was applied in the attempted development of concentration methods. 
Likewise, there was the counterpart of the ‘‘get by as cheaply as possible retort 
builder whose concentration plant was not destined to efficient operation. There have 
been, therefore, several periods in which development advanced more rapidlyjthan in 
others. 

Although wet crushing and treatment of ores is known to have been carried on in 
Italian mines as early as the seventeenth century, little is known of the mc'thodvS or 
results obtained. The first known American coiiecmtration plant was at the Ban 
Carlos mine (now a part of the New Idria mine) where riffle boxes and rockery were 
used in 1871. Other similar operations are reported from a number of localities Until^ 
in the period from 1910 to 1916, many mills were built. 

Most of the mills built during this period were gravity-eone(‘ntration plants* 
They employed many types of mills including Huntington, Chilean, ball, rod, or roll; 
some plants used no mills or depended upon screens or trommels to sort o\it coarse 
material. Classifiers were not alw^ays used, thus giving a mixed feed to the (‘-oncen- 
trator with resultant less efficient performance, (bneentrators included s(‘veral types 
of tables, Frue vanners, and occasionally jigs. 

In a few plants, flotation cells were added in an attempt to r(*cover values ordinarily 
lost in the slimes, and a few all-flotation plants were instalh^d. 

The results ot the mills operated during this period w(^re similar in that they all 
showed poor recovery. In the straight gravity-concent rat ion plants, the friability 
of cinnabar and the actual or attendant overgrinding of the on* <*aused large slime 
losses. The frequent failure to size the feed to the tables closely meant less efficient 
operation of the tables, and additional losses were incurr(‘cl. The employment of 
flotation to recover slime losses was handicapped by the infancy of the flotation process 
at that time, the cost of fine grinding, and, in one case, ]>y the exorbitancy of royalties 
demanded for the use of the flotation cell. Because of the variety of flow sh(‘ets used 
and differences in ore treated, it is difficult to estimate average recoveries made; how- 
ever, they probably ranged from 25 to 85 per cent, with tin* better designed and larger 
mills approximating 60 to 70 per cent. Operating costs ranged from $0.50 to $1.25 
per ton. When it is considered that roasting of the concentrates, either in retorts or 
by combining with funiace feed, and the cost and loss incurred in this operation is an 
addition to the milling costs, the comparison with direct furnacing is definitely in 
favor of the latter. 

An excellent description of milling operations in this period is given by Bradley[l Ik 

The advances made in flotation were in part responsible for increased interest in 
milling plants from 1927 to 1931. During this period, several flotation plants we re 
built. The plant built at the Sulphur Bank mine in California w^as desigm^d to ov(‘r- 
come the problem of large amounts of free sulphur in the ore, an objectionable feature 
in furnacing. Despite several years of experimentation and operation, however, tb' 
mili was abandoned and direct furnacing reemployed. 

During this same period and in the few years following, a number of gravity 
concentration plants were built including the use of jigs of the Bendelari, Pan- America n , 
and Southwestern types. The development of these jigs, with large capacity and 
efficient recovery and their successful use on gold dredges and in many metal null * 
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with the classifier, which overflows to the conditioner. Conditioning time is approxi- 
mately three minutes, and all reagents are added to the conditioner in order to suppress 
the carbonaceous and gray slimes. Reagents used per ton are Yarmor F pine oil, 
70 g.; potassium ethyl xanthate Z-3, 30; Reagent 105, 20; starch or Reagent No, 637, 
varies depending on free carbon content. Dilution of the circuit is held to 4: 1, and a 
pH of 7.2 is maintained for best flotation results. Disc'harge from the filter carries 
approximately 15 per cent moisture and is retorted. Mill data over a representative 
period, Nov. 15 to Dec. 5, 1941, is shown in Table 7. 


Table 7. — Miu. Data, Beneficiadora de Mercurio, Sain Alto, Zacatecas, 

Mv:xico i 


Product 

Weight, 

% 

Tons per 
16 hr. 

Hg. 

% 

Recovery 

r 

Heads 

100.00 


0.67 

\ 

1(^.0 

9l^.4 

4.6 

Concentrates 

1.39 


46.21 

Tailing 

98.61 

32.87 

0.03 



The metallurgical results of this operation are inten^sting and show that modern 
flotation practice, possibly together with an especially aim^nable ore, can produce 
results approaching direct furnacing. If costs can he held sufliidently low to offset a 
sometim(*s gr(‘ater loss, there is a definite place for flotation in the m(*tallurgy of 
quicksilver ores. 

Generally speaking, however, experience has shown that gravity concentration, 
at best, cannot approach direct furnacing, owing in part to slime losses and also to the 
inability of the concentrators to make a high recovery. IligluT re(!OV(*ry can more 
easily be made at the sacrifice of grade of concentrate, a fact that has made (H'.onomi- 
cally profitable the operation of concentration plants in mines wliere furnaces are 
installed and operating. Very low-grade ores can be raised suffici(‘ntly to make ihvm 
of furnace grade at relatively low cost and good recovery, as was done at the New Idria 
mine. Old mine dumps and burnt-ore dumps in 1938-1941 were mint'd by power 
shovel, trucked to a bin, passed over a grizzly set at 2 in. and a shaker screen with 
')^-in. openings. All coarse material was hand-sorted for high grade and the minus 
^^-in. then passed over a 42-in. Benedlari jig and thence to about 100 ft. of riffle boxes. 
The grade of product collected was 6 to 10 lb. per ton from 1 to 2 lb. per ton in the 
material as mined. Recovery was 40 to 60 per cent, but costs were low enough to 
justify the operation. 

Flotation of quick.silver ores has been handicapped by the non\miformity of most 
quicksilver ores and the cost of fine grinding. There is quite possibly a place for 
flotation if all factors are properly considered in advance. Unfortunately, largo 
deposits of quicksilvcT ore, justifying a large milling plant wdth its low^ initial and 
operating unit costs, which are uniform, and moderately easy grinding, are not yet 
known. 

Chemical Treatment of Ores. — The only wet chemical treatment process for the 
reduction of quicksilver wnich has received considerable attention depends on ih(‘ 
solubility of metallic quicksilver or cinnabar in a solution of sodium sulphide «nd 
sodium hydroxide, although other alkaline sulphides may be used. The causi)(J 
hydroxide is necessary only in small amounts to secure the maximum solvent po^^‘ ** 
of the sodium sulphide over the cinnabar. The reaction is represented by the equati< 

HgS + NaiS « HgS.NaaS 
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and the recovery of the quicksilver from the solution is made by precipitation with 
aluminum according to the equation 

SHgS.NaxS + SNaOH + 2Al = Sllg -f GNagS -f 2NaA102 + 4 H 2 O 

Although the electrolytic deposition of the quicksilver from the alkaline sulphide 
solution has been considered, the precipitation by aluminum seems to have an advan- 
tage due to the regeneration of thij NaaS. 

Thornliill[13] has described the recovery of quicksilver from amalgamation tailings 
using this process in an op(*ration at the Buffalo mines, C'obalt, Ontario, during 1915. 
This is the only commercial-scale operation of this type known, and although results 
were reported as satisfactory, it was not applied to cinnabar ore. 

Various experiments have shown as many results; however, it is not generally 
believed that, Inu^ause of ch(miical-(;onsuming coiivstitu tents of many ores, the cost of 
fine grinding, irregularity as to composition of ore fe<xl (so common in many quick- 
silver miiK^s), difficulties in filtering, cost of aluminum, and over-all recovery, the 
process can compete with modern furnace treatment of quicksilver ort's. 

Mercurial Poisoning. — Inasmuch as all persons exposed to (pjicksilver are subject, 
in greab^r or h^sser dogr(*e, to mercurial poisoning, or salivation, as it is usually called 
around the mines and rcnluetion plants, eertain precautions and fundamentals of 
design or operation should l)e eoiisid('red. 

The principal symptoms of chronic mercurial poisoning, usually developing in this 
order until all three arc; (vident, are stomatitis, psychic irritability, and tremors. 
Davenport and Harrington! 14] report in considerable d(‘tail each of these symptoms 
and furth(*r point out the variation in sensitivity of different people to mercurial 
poisoning. Ck>ntinued exposure to an atmosphere contaminated with quicksilver 
vapor is recogniz(*d as Ixung more harmful than intermittent exposure inasmuch as 
(ilimination of quicksilver entering the body through the respiratory passages, the 
gastrointestinal tract, or through the skin is slower than absorption. 

Figures on what is considered to be a dangerous contamination, likewise, vary 
over a great range depending on the sensitivity of the individual and whetluir or not 
he has previously been exposed. The figures range from 0.1 mg. p<T eu. m. of air up 
to 10 or 20 mg. per cu. m. ; however, the California Industrial Hygiene Service and the 
Industrial Accident (’ominission of ('alifornia have adopted a limit of 0.15 mg. per 
cu. m. of air[151. 

Pn^eautions to be taken to prevent mercurial poisoning are listed[14] and generally 
include personal cleanliness and good housekeeping around the reduction plant. In 
d(‘sign and operation ot the various types of plants, leakage of fumes or dust should 
be prevented, good ventilation provided in all dangerous areas, protective clothing 
anct respirators worn by workmen when subject to exposure, and mechanical soot- 
Irc^ating devices xisc'd to the greatest extent in order to reduce exposure. 

The fact that attention has been devotc'd to this subject w^ilh successful results is 
evidenced in the compensation insurance rates for workmen in this classification in 
California, where three mines pay between $2.98 and $3.80 per $100 of pay rol , 
<icpending on the experience rat ing of the mine. This compares with surface-mining 
rates of $3.50 to $4.50 and underground-mining rates of $7 to $9 per $100 of pay roll. 
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CHAPTER XVIi 

CHLORINE METALLURGICAL PROCESSES 

By Donald M. Liddell* 

Chlorine as a metallurgical reagent appears to have lost ground during recent 
years, and much of what follows is of historical rather than operating interest. How- 
ever, it is a question in the author’s mind whether the great decrease in price of 
chlorine and the large sources of supply that will be available after the war do not 
warrant reinvestigation of the applicability of chlorine processes to present-day 
metallurgy. 


EARLY HISTORY 

Chlorine has been used almost exclusively for the recovery of gold and silver. It 
has he<*n used to some (‘xteiit in Xho treatment of low-grade copper ores, hut never in a 
major metallurgical proci^ss for tln^ recovery of copptT. The use of chlorine in the 
metallurg>' of other base metals has been subsidiary. 

nigh-grad(', gold and silver ores and high-grade base-metal ores containing small 
or larg(^ amounts of gold and silviT are usually smelted to recoviT the metals. Chlorine 
has been associat(‘d only with hydrometallurgical prot^esses (including amalgamation), 
usually for low-grad(‘ or(\s, but sometimes for high-grade siliceous ores remote from 
other facilities for treatment. 

The earliest hydrometallurgical process for treating gold and silver ores was amal- 
gamation. The date when mercury was first used for this purpose is unknown. 
Amalgamation of gold was known to the Romans and was recorded by Pliny, but no 
reference is made to silver. For the. oxidized ores near the surface — whore the gold 
and silver were in imdallic condition or the silver occurred as a haloid — this process 
WI 1 .S simple*, but when deeper mining reached sulphide ores another method had to be 
devised to put the^se metals into a eondition to be amalgamated. 

Th(^ first reeord(‘d use of mercury in the metallurgy of silver, and in connection 
with it the first recorded use of chlorine in any metallurgical process, occurs in a 
tr(‘atise entitled “f)e la Piroteehnia/' by Vanoeeio Biringuccio, published in Venice 
in 1540.* In this treatise it is stated that the ore (previously roasted, if refractory) 
was finely ground in a stone mortar, screened wet, and dried. The dry ore was 
inoisten(*d with viiu'gar or water, in which had been dissolved mercuric chloride, 
<*opper sulphate, common salt, and sometimes ferrous sulphate. The ore pulp was 
them (‘overed with mercury and ground, or stirred, in the mortar for an hour or two. 
The tailings were washed away with water, and the silver was recovered by retorting 
the amalgam. 

The Patio process for the treatment of silver ores, involving the same chemical 
reactions as those in the proees.s just described, was invented by Bartolomc^ Medina, 
51 miner of Pachuea, Mexi(a), in 1557.^ The invention of this procesvS is credited to 

^ Tivis chapter ih a major revision of the chapter rontrihutocl by the lat-e Stuart Croasdale to the 

edition of the handt>ook. 

^ PiBRcy, “ Metallurgy of Silver and Gold,” pp. 559-562, London, 1880, 

’ Op. cit., p. 561. 
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Medina, in a report by Luis Bcrrio de Montalvo, addressed to the Viceroy of Mexico 
and printed in Mexico in 1643, and also in a memoir by Diaz de la Calle to Philip IV, 
printed in Madrid in 1646. Montalvo intimates that Medina derived his information 
from Spain that silver could be obtained from its ores by means of mercury and salt. 
The process was especially adapted to the arid rc^gions of Mexico and South America, 
where fuel and water were scarce and transport expensive. It is still used to some 
extent in these countries and wull be described in detail later. 
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Fig. 1. — The chlorine metallurgical tree. 


The “Cazo” or caldron process was invented in 3590* by a priest, Alvaro Alonzo 
Barba, at Tarabuco, 24 miles from La Plata, Peru (now Bolivia). This process was 
the ancestor of the pan-arnalgamation proces.s. It wa,s particularly adapted to the 
rich surface ores of that district containing chloride of silver, and it w’as also appli<’<^ 
to silver sulphide ores to some extent. I'he process W'as eonduct(‘d in a vessel mad(^ 
wholly of copi,>er, or having a copper bottom. This vessel or caldron was provide<l 
with a vertical shaft, to which radial arms wen*, attached for agitating the ore. Fincl>^ 
ground ore, water, and common salt were mixed together to the consistency of a thin 
pulp and placed in the caldron. 

* Barba, Alvaro Alonzo, *'121 Art« de los Metalea,” 3fl book, Spain. 1040; Douolab and Math® vv" 
SON, English tran«lation, pp. 149-194, New York and London, 1923. 
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The cddrons, usually four in number, were placed on top of an adobe furnace built 
like a cook stove, and heated so as to keep the ore pulp at the boiling point. Mercury 
was added, and the boiling pulp was stirred continuously for several hours, after which 
time the amalgamation was completed. The caldron was removed from the furnace, 
the tailings washed away with water, the amalgam recovered, and the process repeated 
with a new charge of ore. The active chemical reagents were the copper of the caldron 
and the boiling solution of common salt. The silver chloride in the ore was dissolved 
in the hot brine and reduced to the metallic state by the copper of the c.aldron, and then 
amalgamated by the mercury. The cuprous chloride formed was also dissolved by the 
salt solution and became active in converting th6i silver sulphide minerals into the 
chloride, although if a large amount of sulphide minerals wer(i pres('.ut preliminary 
roasting was recommended on acciount of the consequent loss of mercury. In later 
years, iron was added to the caldrons to reduce and recover mercury that had become 
soluble or floured. 

The Krohnke process, in which cuprous chloride was added to the hot salt solution 
to decompose the sulphide minerals, was introd\iccd in Chile in 1860. The silver was 
recovered by means of zinc or lead used in the form of amalgam. 

Chloridizing Roasting. — In lOurope, where fuel, nujchanical appliances, and better 
operating facilities were available, more complicated processes were developed to 
treat ores. Cliloridizing roast ing of silver ores was first introduced in Vienna by Born, 
and combined with tlie Cazo process in 1786 at Chemnitz in Hungary. The C'azo 
process w^as soon supersed(Ml in Europe by the barnjl-amalgaination process, which was 
first instalh'd on a large scale in 1790 at Halsbmcker lliilte, n('ar Freiberg, Saxony. 
Metallurgical works had been established at this point since 1710, and chloridizing 
roasting w ith barrel amalgamation was used not only for the ores but also for mcital- 
lurgical products, such as matte, blister copp(‘r, and speiss. 

The chloridized ore or furnace product, still containing an excess of salt, was 
rotated in a W’ooden barrcil wuth water and scrap iron until the silver was reduced to a 
metallic state. Mercury was then added to re(*over the silver as amalgam. Owing 
to th(’ base metals present, which were also chloridized in roasting and reduced by the 
scrap iron, tin* bullion obtaiiu'd was very low* grade. Attempts to “ destroy the base 
metals by roasting at a highei temperature resulted in considerable loss of silver 
through volatilization wuth the base-metal chlorides, and the chloridizing roast was 
eventually used only on the low’-grade ores (tontaming the least amount of volatile 
base nnttals. 

This led to the invention of the Augustin process and its introduction at the 
Cottesb<‘lchnung Htitte near Mansfeld, Germany, in 1843. Later in the same year, 
the proees.s w’as introduced at the F rctiberg wmrks. In this process ores were roasted with 
salt and then leached with a saturated solution of common salt. The silver chloride 
passed into solution, from whic^h th(^ silver w'as precipitated by metallic copper. The 
procciss was introduced at both Mansfeld and FYeiberg to recover the silver from the 
copper matters, but, ow’ing to the imperfect extraction of the silver by the brine, it w^as 
soon abandoned and was superseded by the Ziervogel process in 1848, which was 
applied more particularly to mattes and furnace products than to the ores themselves. 
In this process no salt w^as used. The iron and copper w'ere converted into oxides and 
th(^ silver into sulphates by careful oxidizing roasting. The silver was then leached 
out by warm wrater and precipitat'd on copper. 

Hyposulphite Leaching — Patera Process. — In 1848, Dr. John Percy, of Londejn, 
suggested the use of sodium or calciuni thiosulphate incorrectly called hyposulphite 
"US a solvent for the chloride of silver after ores had been subjected to a chloridizing 
' ^^st. The first practical application of this suggestmn was made in 1856 by von 
‘"utera on the rich silver ores of the Joachimsthal district, Bohemia. To reduce 
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losses by volatilization, von Patera introduced steam into the furnace during the 
chloridizing roasting. This process was first introduced in America by Ottokar 
Hofmann, in 1868, at La Dura, Sonora, Mexico; it was gradually adopted at other 
mines in Mexico and the United States, reaching the zenith of its application during 
the succeeding 25 years, until the demonetization of silver by the government of the 
United States in 1893 closed every leaching plant in this country that had been treat- 
ing silver ores. 

Up to this time, and for a number of years afterward, gold in ores that had been 
subjected to a chloridizing roast was supposed to be converted into the chloride, which 
decomposed into chlorine and metallic gold at a temperature b(‘low 300° C. , Hence, 
if gold occurred in silver ores, it was converted into metallic gold by chlcffidizing 
roasting and was not recovered by any of the solvents used for the (extraction cif silver. 

Plattner Process. — Plattner proposed converting the gold into chloride bjAmeans 
of chlorine gas and extracting it with winter. This process was introdiic('d in Silesia, 
Germany, in 1851. The ore was either roasted “dead or, if it contained silver, lit w^as 
chloridized by roasting with salt, llie silver w^as first leached out by brine or “hypo- 
sulphite’^ solution, then chlorine gas was applied to the ore in the vats. I'he gold w as 
recovered by subsequent leaching with water and precipitating by means of ferrous 
sulphate (see Wet Chlorine-gas Processes). 

Longmaid-Henderson Process for Copper Ores. — The treatment of copper ores 
by chloridizing roasting was first patented by Longmaid in 184*1 and was first applied 
to the extraction of copper from pyritic residues or (‘alciiuis by William Henderson of 
Scotland in 1859-1860.1 

Pyrites from Spain and Norw^ay, which w^ere used throughout Europe for making 
sulphuric acid, contained 3 to 8 per cent of copp(*r. After the pyrites were roasted 
for the manufacture of sulphuric acid, the residues were again roasted with salt by 
the Henderson process, to convert the copper into chlorid(\ The chloridized ore was 
then leached with water or dilute acid, and the copper was precipitated from the 
solution by iron. 

The gases from chloridizing roasting contained sulphurous acid, hydrochloric acid, 
and chlorine. To prevent these gases from becoming noxious to th(‘ neighborhood, aiul 
to utilize their acids, they wxre passed through coke towers sprayed with water, 
which colh^cted not only the acids but any volatilized ni(*taUic chlorides as w^ell. The 
water from the scrubbing towers was used for leaching the chloridiz(*d ore. 

This process w’as patented in the United States in 1866 and w as in constant use, 
both in this country and Europe, for over 60 years. It will be furth(;r (h^scribed under 
the paragraph on copper ores in the section on Chloridizing Koasting and Leaching 
Processes. 

When the residues or ores contained silver, that metal was precipitated from solu- 
tion as an iodide by the Clnudet process before the precipitation of the (!opper. 

Hunt & Douglas Process. — About the same time, 1862, ferrous chloride w^as 
suggested by Schaffner and Ung(*r, of Germany, as a solvent for copp(T in or(;s. This 
method was developed later in the United States into the Hunt & Douglas process. 
It was designed to treat oxidized copper ores with siliceous gangue. 

Ferrous chloride was made by dissolving copperas (ferrous sulphate) and common 
salt in water. An excess of salt was then added, and the sulphate of soda was removed 
as much as possible by crystallizaton. This solution, therefore, became a brint; 
solvent containing a soluble base-metal (ferrous) chloride. The process was apph' 

^Eibblbk, Manxtel, “The Hydrometallurgy of Copper, being an account of procesaes adopt'«jd 
fch© hydrometallurgical treatment of cupriferous ores, including the manufacture of copper 
«ritb chapters on the sources of supply of copper and the roasting of coj)per ores,” pp. 87 -104, Londosi 
ind New York, 1902 



VHWEINE METALLVmiCAL PROCESSES 621 

>i 3 a.bl 6 to raw ore containing oxide or carbonate of copper and was later applied to the 
separation of silver and copper in roasted matte, because silver minerals are likewise 
soluble in the brine as prepared. The copper was precipitated on scrap iron in the 
usual manner. If silver was present, it was first removed by precipitation on copper. 

The Hunt & Douglas process passed through many modifications on account of the 
difficulty of treating ores containing any carbonate of lime or magnesia, both of which 
precipitate the iron from the solvent. It was abandoned many years ago and was 
replaced by siiielting and electrolytic refining. Acid leaching has replaced it in 
hydrometallurgy. 

The Doetsch process,^ using ferric chloride as a solvent for copper, was invented 
about this same period to treat the sulphide ores at Rio Tinto. An attempt was 
made in 1914 to revive this process under the name of the Slater processy^ but it did 
not pass thti experimental stage. The feature of the Slat(;r process was the regeneras 
tion of the ferric cliloride. A lixiviant containing ferric chloride and hypochlorou- 
acid was produced by suspemding ferric hydroxide in the anode compartment of a cell 
in which a salt solution was (dect roly zed. After the dissolution of thf^ copper from 
the ore, f(Tric hydroxide was precipitated from the lixivium by means of the sodium 
hydroxide produc(‘d in the cathode compartment of the electrolytic cell. Under the 
highly oxidizing conditions in the solution, ferric hydroxide can be preferentially 
precipitated in this manner without precipitating any of the copper. The ferric 
hydroxide precipitate was returned to the circuit in the anode compartment for the 
generation of nenv lixiviant, and the (‘.opper was rc(‘overed from solution by the usual 
methods. The only reag(*nt required was common salt. The process was not adapted 
to basic ores. A slight modification of this pro(‘css was developed by the Midland 
Ores & Patents Uo.^ at Waverly, N. J., in which tlie solution containing ferrous 
chloride, aft(‘r precipitating the copper on iron, was regenerated direct by electrolysis, 
yielding ferric^ chloride for new lixiviant and metallic iron for copper precipitation 
(see page 540). 

The Hoepfner process for copper ores^ was introduced in Germany in 1891. The 
copper ore was leached in revolving barrels with a solution of cupric chloride and salt 
or calcium chloride. The lixivium was purified by precipitating the silver on metallic 
copper, by cooling to separate the lead chloride, by adding powdered limestone to 
precipitate* the arsenic, antimony, and bismuth, and by the use of air in a special 
manner to precipitate the iron as oxide. It was then electrolyzed to precipitate part 
of the copper as pure m(‘tal, and to regenerate cupric chloride for leaching new ore. 
Owing to difficulties in manipulation, the process was not a commercial succevss, 

Hoepfner Process for Zinc Ores.'" — The ore was roasted with salt at a tempera- 
ture not to exceed 650''C". and leached with hot water. The solution was purified by 
cooling to to crystallize out the sodium sulphate, by adding bleaching powder 
and marble dust to precipitate the iron and manganese, and by adding powdered zinc 
to precipitate the other electronegative metals. The purified zinc and sodium 
‘rfiloride solution was electrolyzed for the prodiiction of metallic zinc and the recovery 

1 CuMENOE, Notes »ur lo Kio Tinto, Ann. mines, Vol. 96. 

® Morse, H. W., The Slater Leaching Process for Copper Ores, Mining Sci. Press, Jan. 24, 1914, 
0. 181. 

» Leaching at Yerrington, Mining Sci. Press, July 17, 1915, p. 94; Perry, R. W.. Leaching Oxidized 
Copper Ores with Ferric Chloride, Mining Sci. Press, May 17, 1919, pp. 669-674; Middleton, Percy R., 
I'errio Salts as Solvents in the Leaching of Roasted Copper Ores, Eng. Mining Jour. Press, Sept. 9, 1922, 
{>r‘. 452-463. 

^Z.angew. Chem., 1891, p. 160; OfUidle Zeitung der internationalen dektrotechnischen Austellung, 
i 'ninkfurt am Main, No. 27; Eiler®, Karl, Hoepfner’s Electrolytic Copper Process, Eng. Mining Jour., 
'l>r. 30, 1892. p. 471. 

‘ Guenther, E., Electrolytic Zinc Extraction by the Hoepfner Process, Eng. Mining Jour., May 16. 
pp. 750-762; Mineral Ind„ Vol. 6, pp. 668 and 675; Vol. 7, p. 743; and Vol. 9, p. 688. 
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of chlorine to make bleaching powder. The process was used for a short time in 
Europe. 

Swinbume-Ashcroft Process for Complex Ores. — The use of chlorine gas in the 

metallurgy of lead, zinc, and other base metals was brought into commercial promi- 
nence by Swinburne and Ashcroft of England, who obtained their first patents in 
1897.^ In the original process, as operated at Broken Hill, Australia, dry chlorine 
gas was applied under pressure to the dry and coarsely pulverized sulphide ore in a 
closed shaft furnace known as the ‘transformer.^' The chemical reactions involved 
are strongly exothermic and supplied all the heat necessary for operation. By 
regulating the flow of chlorine gas to the supply of fnjsh sulphide ore, a temperature 
of 600 to 700°C. could easily be maintained in the transformer. 

The reaction between dry chlorine gas and a mineral sulphide results in ^he for- 
mation of a metallic chloride and free sulphur, as shown by the equation 

xs + vu - xcu + s 

At the temperature named, the sulphur distilled from the top of the transfonneV and 
the fused metallic chlorides, with the gangue in susptuision, were tapped froiq the 
bottom. The metals were recovered by substitution; the fused chlorides, as they 
came from the transformer, were stirred into a bath of molten lead, which decomposed 
the precious metal chlorides and recovered these metals in the form of a high-grade 
l(3ad bullion; from the load bath the fused chlorides were drawn to another kettle and 
treated with zinc to recover the lead; the remaining chlorides were then dissolved in 
water and treated with chlorine gas to oxidize the iron and manganese; zinc oxid(^, 
obtained by roasting high-grade blende, was added to this solution to precipitate the 
iron and manganes<‘ as oxides, which were removed, along with the gangue of thex)re, 
by filtration. .As will b<^ s(‘en by following this line of substitution, all the original 
chlorine was ultimately combiiK'd with zinc, and the filtrate from the iron and manga- 
nese oxides was a comm<»rcially pure solution of zinc chloride. In the final phase of 
this process, the zinc-chloride solution was evaporatcnl to dryness and the zinc chloride 
fused and electrolyzed for the recovery of metallic zinc and the regeneration of the 
chlorine gas. 

The process was cyclic. There was no appreciable loss of chlorine at any stage of 
the operations, and all the substitution metals were productid by the process itself, 
but the process did not prove successful as designed and operated. Its opc^ration was 
limited to sulphide ores or concentrates carrying not over 30 per cent gangue, in order 
to maintain the temperature rexjuired. 

A modification of this process was developed by Baker and Bvrwell, of Cleveland, 
Ohio, in 1904-1908.* The finely pxilverized dry ore was placed in a porcelain-lined 
tube mill provided with lead-lined trunnions, and supplied with flint pebbles. Low- 
grade complex ores were treated, and in the absence of a high pcTcxmtage of sulphur 
the temperature was kept down to lOO^C'. Dry chlotine gas was admitted to 
the tube mill, and chemical action began at once. As the tube mill revolved, the peb- 
bles ground off the metallic chlorides as fast as formed and constantly exposed fresh 

* Swinburne, James, Chlorine Smelting, with Electrolysis, Trans. Faraday 8oc,, July 1, 1903; 
Mining Sci. Press, Aug. 8 and 15, 1903; Electrochem, Jnd. (now Chem. Met. Eng.), Vol. 1, pp. 412-413, 
August, 1903; Vol. 2, j). 404, October, 1904; Vol. 3, pp. 63-66, FeV>ruary, 1905; Eng, Mining Jour., 
Aug. 1, 1903; Stbinhart, O. J., “Chlorine Smelting,'’ Mining Sci. Press, Nov. 28, 1903; Ashcroft, 
E. A„ Trans. Inst. Mining Met.. {London), June 19, 1901; Mineral Ind., Vol. 9, pp. 692-693; Vol. 10, 
pp. 267 and 677—682. 

* Baker. Charles E., A New Application of Chlorine in Metallurgy, Trans. Am. Electrochem. Sor^ 
Vol. 12, pp. 115-163, October, 1907; Electrochem. Met. Ind. (now Chem. Met. Eng.), Vol. 5, p. 448, 1907; 
Vol. 6, p. 433, 1908; Baker and Burwell, Electrolytic Chlorination Process, Mining Sci. Press^ Feb. ‘ 
and 20, 1905. 
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fiurfftces of ore to the action of the chlorine j they also broke up any lumps that might 
be formed. The free sulphur that was formed remained with the ore. If the tempera- 
ture was allowed to get too high, (ionsiderable sulphur chloride was formed, which 
<li8tilled off at about 150°C". 

After chlorination was completed, the ore was discharged from the tube miU and 
leached with water, thus giving a clean solution of metallic chlorides free from sulphur 
and gangue. The metals were recovered from the aqueous solution by substitution. 
The gold and silver were precipitated on copper, the copper on lead, and the lead on 
zinc. After oxidation with chlorine gas, the iron and the manganese were precipitated 
by means of zinc oxide, and the zinc and the chlorine werci recovered by the electrolysis 
of the fused chloride as in the Swinburne-Ashcroft process. A couple of experimental 
plants were erected in Montana in the years that followed, but, owing to operating 
difficulties, they did not prove successful. The most serious difficulties were to evap- 
orate zinc chlorid(5 solution without the formation of ]:)asi(t salts and the consequent 
loss of chlorine as hydrochloric acid, and also the development of a satisfactory cell for 
the electrolysis of the fused zinc chloride. 

About this time, John L. Malm, of Denver, Colo., began experimenting with the 
Baker-Burwell process, which he greatly modified and developed. This will be 
described as the Malm process^ in the section on Dry C'hlorine-gas Processes. 

Pohl^-Croasdale Volatilization Process . — hosn of metals from volatilization 
during chloridizing roasting was known already when Plattner undertook a study 
of the conditions and extent of this loss in an elaborate aeries of experiments on 
both oxidizing and chloridizing roasting. The r(‘.Rult8 of his experiments were pub- 
lished in his “ Metallurgische Rostprozesse*' (1856). He mentiomid considerable 
loss of silver chloride when it came in contact with other easily volatilized chlorides 
and discussed at length the volatile products of the chloridizing roasting, but he failed 
to record any loss of gold by volatilization. 

Loss of gold by volatilization was re(‘ognized from time to time^ and was the source 
of serious monetary loss in treating gold-silver ores by chloridizing roasting, but the 
cause of this loss seemed to be little understood. It was generally attributed to tel- 
lurium,® and not to chlorine, because the chlorides of gold were supposed to decompose 
into the constituent elements at a tenjperature below 300“(^; therefore, all gold 
should remain in the ore in metallic condition. The first ptTson to recognize chlorine 
as the source of this trouble was C. H. Aaron, ^ but after many experiments on roasting 
California gold ores with salt he came to the conclusion ^Hhat gold is volatilized in 
some form not easily condensable.” 

Christy^ inv(^stigated this subject in the best chlorination mills in California as well 
as in the laboratory during the early eighties, and came to the conclusion that losses of 
both gold and silver increase (1) with increased percentage of salt added during the 
roast; (2) with increase of time and temperature during roasting; and (3) when salt 
is added after a long oxidizing roast instead of at the start. Christy qualifies the last 
statement by saying that, ^ Vhile there is a rapid volatilization of gold and silver when 

' Traphaqsn, F. W., Dry Chlorination of Sulphide Ores, Mining Sci. Press, April 10, 1909, p. 522; 
Hbrrick, R. L., The Malm Dry Chlorination Process, Mines and Minerals, January, 1910, p. 370; 
loNiDBs, S. A., Dry Chlorination of Complex Ores, Mining Sci. Press, May 27, 1916, pp. 781-787; 
Maubr, C. G„ Possibilities of Dry Chlorination of Oxidised Zinc Materials, Eng. Mining Jour. -Press, 
Vol. 116, pp. 61-54, January, 1923. 

•Christy, S. B., The Losses in Roasting Gold Ores and the Volatility of Gold, Trans. A.T.M.B., 
Vol. 17, p. 8, 188»-1889; Dbbray, H., Note sur le chlorure d’or, Compt, rend., Vol. 69, p. 984, 1869. 

® KesTBL. Guido, Roasting of Gold and Silver Ores and the Extraction of Their Respective Metals 
without Quicksilver, p. 57. San Francisco, 1880; Christy, op. cit., p. 3. 

* Aaron, C. H., “Leaching Gold and Silver .Ores, the Plattner and Kiss Process, a Practical 
I'leatise,’* p. 121, San Francisco, 1881. 

* Christy, op. cit., pp. 3-44. 
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salt is added at the end of the roast, the gold chloride is quickly decomposed by the 
SO 2 gases and by the raw ore itself in the cooler end of the furnace, and the gold is 
redeposited in metallic form, so that the actual loss is not so great as when salt is 
added at the beginning of the roast/' 

Steteieldt^ expressed his opinion that the gold escaped as a double salt, and, if this 
were true, the loss of gold depended on the volatility of the chloride with which the 
gold chloride was combined. 

In an earlier treatise,* Aaron states that the base metals are chloridized by chlorid- 
izing roasting, but they arc not volatilized to any extent, while KtisteP takes the oppo- 
site view and states that ^‘base metals as sulphates take up their share of salt and 
consume a large portion, but, as their chlorides are volatile^, the salt is a nfieans of 
getting rid of a great deal of the metals during roasting which are not desirable in the 
ore for subsequent treatment of silver." 

The foregoing constitutes a bri(‘f summation of the knowledge of volatilization up 
to 1898. Much that is recorded is contradict or>". There was no thought of flaking 
a commercial extraction by volatilization, and the recovery of the volatilized chlorides, 
if attempted, was only a phase of the general treatment of the ores. 

In 1891-1893 Croasdale discovered that a eommendally complete (above 90 per 
cent) volatilization of gold could be obtained from C’ripple CV(‘ek ores by roasting 
with salt. About the same time, Pohl4 independently obtained similar results with 
silver ores from Aspen, Colo. Systematic investigation of the volatilization of metals 
as chlorides wuis begun by these mon in 1898 and was carried on with a large-scale 
experimental plant until 1903.^ Numerous investigators^’ have w^orked on this process 
since that time. The process will be further discussed in the section on Chloride 
Volatilization Processes, 

CHLORIDIZING PROCESSES FOR RAW ORES 

With the exception of the Malm process, chlorine processes for raw ores of the 
precious metals are necessarily confined to the treatimuit of surface ores, or to clean 
gold and silver sulphide ores in which the gold and silver sulphide minerals are not 
combined with baee-metal sulphide niinerals. To obtain a commercial recovery of 

* Stetefeldt, C. a., The .Amalgamation of Gohl Ores, and theLosa of Gold in f ’ljloridi*ing Roasting, 
with Especial Reference to Roasting in a Stetefeldt Furnace, Trans. A.I.M.E., Vol. 14, pp. 330-351, 
1886. 

* Aaron, C. H., “A Practical Treatise on Testing and W'orking Silver Ore.s," San Francisco, 187<), 
pp. 35-36. 

* KCrtfx, op. cU.t p. 29. 

* Croardalf., Stitabt, Volatilization of Metals on rhlorides, Eng. Mining Jour., Aug. 29, 1903, pp. 
312-314; Sept. 19, 1903, p. 420; Mining Mag., London, March 1914, pp. 2(KF204; Mather, Henry A., 
Eng. Mining Jour., Sept. 5, 1903, and Oct. 17, 1903, p. 576; Hawkinr, Edwin N,, Eng. Mining Jour , 
Oct. 3, 1903, p. 490; Kore, Sir T. K., “Metallurgy of Gold,” p. 291, London, 191.5. 

* Varley, Thomas, and otheiR, IJ. S. Bur. Mines Bull. 211, 1923;'the chloride volatilization prom'« 
of ore treatment, being a complete compilation of the work that has been done on this process; Layin<j, 
Habax R., Chloridizing Processes, Mining Sci. Press, Jan. 17, 1920, pp. 77-83; Chloride Volatilization 
Process, Mining Sci. Press, Aug, 27, 1921, p. 284; Thermal Requirements of (Chloridizing Volatiliza- 
tion, Mining Sci. Press, Feb. 25, 1922, pp. 264-266; (Chloridizing Volatilization — Some F3xperiinent>’ 
and Their Practical Application, Eng. Mining Jour., Nov. 12, 1921, pp, 704-770; Bradford, Robbh't P . 
The Volatilization Process at the Pope-Sbenon Mine, Mining Sci. Press, Aug, 20, 1921, pp. 263-'2(*(-; 
Vablet, Thomas, and C. C. Stevenson, Development of the Chloride Volatilization Process by 

XJ. S. Bureau of Mines, Eng. Mining Jour., June 11, 1921, pp. 991-993; Vahoey, Thomas, Chlon i” 
Volatilization, Eng. Mining Jour., Feb. 18, 3922, pp. 276-278; Gahp, Rudolf, Heat Requirement 
Chloridizing Volatilization, Eng. Mining Jour. -Press, June 3, 1922, pp. 957-9.58; Rai.ston, Oliver ^ * 
Heat Requirements of Chloridizing Volatilization, Eng. Mining Jour. -Press, Apr. 15, 1922, pp. 614 '* 

Howe, Ben, Gold Recovery by Volatilization, Monthly Jour., West Australian Chamber of Jl/**''^* 
December, 1912; Mining Mag., London, March, 1913; Mining Sci, Press, Mar. 29, 1913, p. 484; 0<‘< 
1913, p. 536. 
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the gold and sUver, the base metal sulphide minerals should not exceed 2 or 3 per cent: 
if more than this amount, concentration or roasting should precede the chloridiaing 
process. Ores m which the sUver is combined with arsenic and antimony as sulphides 
must be treated by chlondizmg roasting to liberate the silver, or leached with alkaUne 
sulphides. Base ore.8 containing carbonates of lime and magnesia are not adapted to 
these processes, owing to their precipitatmg action on the metallic chlorides, which 
prevents reaction on the silver minerals. The gradual disuse of these processes 
has been brought about by the world-wide depletion of surface or suitable ores and 
the necessity of other methods of treatment for the complex sulphide ores that come 
with deeper mining; also by the possibility of treating lower grade ores on a larger 
scale at less cost by the cyanide process. Base-metal recoveries are made with the 
Malm process. 

The Patio process is still used m isolated districts of Mexico and South America, 
but with modern machinery and methods of transportation it has been almost com- 
pletely replaced by the cyaTiid(i process and by the imstom-smelting plant. A com- 
plete description of this proctiss is given on page 517. Therefore;, a brief outline of its 
relationship to chlorine metallurgy will suffice here. 

The salt and copper sulphate react to form sodium sulphate and cupric chloride. 
Some cuprous chloride is formed by the action of mercury on cupric chloride, and this 
is dissolved by the brine in the ore pulp. Both cupric and cuprous chlorides react on 
the sulphide.s of .silver, forming silver chloride and copper sulphide. The silver chlo- 
ride is dissolved by the brine in the torta, and the silver is prf'cipitatcd in metallic 
form by the mercury, after which it is immediately amalgamated. Mercuric and 
mercurous chlorides are formed by the chemical reactions. Considerable silver 
sulphide is said to be reduced directly to metallic silver by the mercury, with the 
formation of mercuric sulphide. 

The recovery of silver by this process will range from 75 to 80 per cent on favorable 
ores, but will drop below 00 per cent on ores containing an appreciable amount of base- 
metal suphides, particularly blende or arsenical and antimonial sulphide minerals. 

There is a chemical loss of mercury in the form of soluble chlorides, as w^ell as a 
mechanical loss due to the flouring of the int'nnxry by surface chemit;al action of sul- 
phide minerals, but the total loss is not so much as would be expected. It is said to 
amount to afnmt one and one-half times the silver recovered. 

This process is applicable only where labor and the few necessary supplies are 
cheap, equipment and freight are costly, and time of little importance. For example, 
the Noche Buena and Feliz Ano mines in the Totolapam district, about 75 miles east 
of Oaxaca (^ity, Mex., in 1925 had in active operation six patios and were preparing to 
build six more. Extraction by the patio process was reported by the manager to be 
urjisually high. Excessive freight rates, by iniileback transportation, on stamp- 
null concentrates caus<*d the mine owners to enlarge their patio facilities.^ The writer 
has not been able to obtain recent information. 

The pan -amalgamation process was evolved from the ^^cazo^^ or caldron process. 
In Europe, where it was first used, the amalgamating was done in revolving barrels 
nn<l was known as the barrel-amalgamation” process. Pan amalgamation seems 
to have been an American development, and it was first operated in the United States 
Washoe, Nev., in 1861. For a long time it was known as the “Washoe 

pi Of ‘CHS.” 

I'he “pan” was made wholly of cast iron, or with a cast-iron bottom and wooden 
In either case the bottom was made hollow for the introduction of steam to 
^ the charge. Cast-iron mullers for grinding, stirring, and amalgamating the 


Min. Jour.-Pre89 (Sept, 6, 1926), 3S6. 
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ore were attached to a vertical shaft in the center of each pan. The capacity of 
each pan ranged from 0.5 to 2 tons of ore and was usually about tons. 

The ore was first crushed by jaw crushers and then by stamps or ball mills. If 
crushed wet, the excess of water was removed by settling tanks. The cnished ore 
from the settling tanks was then shoveled into the pans. Salt and copper sulphate 
were added in the ratio of 5 to 10 lb. of salt and 2}i to 5 lb. of copper sulphate per 
ton of ore. When the ore is free from interfering minerals, the salt has been reduced as 
low as 2 lb. and the copper sulphate to l}i lb. per ton. Water was added in sufficient 
quantity to make a thin mud, and steam v/as admitted, not only in the jacketed 
bottom of the pan, but sometimes into the ore itself, until the charge in the pan was 
maintained at the boiling point. The grinding and stirring of the charge (ivas con- 
tinued for 2 or 3 hr., in which time the chemical action was completed. i 

Mercury, equal to 10 per cent of the weight of the ore, was then sprinkled Wer the 
ore pulp by straining through canvas or chamois and the stirring continued Ipr 3 hr. 
longer — ^^vhen amalgamation was com plotted. \ 

The whole charge was then washed from the pan into a settling tank p^vided 
with radial arms and agitated under a coihstant flow of water until the amhlgam 
collected in the bottom of the tank and the tailings were washtjd away. The amalgam 
was then transferred to a small pan known as the cleanup pan, where it was stirred 
with additional mercury and washed with water until free from or(; particles. The 
silver and gold were finally recovered by retorting the amalgam. 

The chemistry of this proce.ss is the saiiKi as that of the Patio process, except that 
the iron of the pan and mullers also acts as a reducing agent, not only for precipitating 
silver in metallic state from its chlorides but also for preventing the formation of any 
chlorides or sulphides of mercury, and in this manner avoids the chemical loss of 
mercury mentioned under the Patio process. 'Fhe ore must be siliceious or neutral 
in character to avoid precipitation and the loss of effective copper salts by the carbo- 
nates of lime and magnesia, although the iron of the pan has a tendency to reduce 
these salts to copper and hence militate against their effectiveness. 

Two important modifications of the process were developed later. The first was 
known as the Boss process, in which the ore from the stamp mill was finely ground 
in pans and then flowed continuously through a series of amalgamating pans and 
settling tanks. I'his made the process continuous and saved considerable time and 
labor in transferring the charges from settling tanks to pans and from pans to settling 
tanks. The other modification, where economic conditions were favorable, was tlie 
introduction of the chloridizing roast previous to pan amalgamation. By this means 
the silver sulphide minerals, as well as the base-metal sulphidfvs, were convert(*d mor(} 
completely into the chlorides in the roasting furnace, and the addition of salt and 
copper sulphate to the pan was rendered unnecessary unless the ore was insufficiently 
chloridized during roasting. 

The pan-amalgamation process was well adapted to surface or oxidized silver-gold 
ore where the gold was subsidiary in value and not amenable to ordinary amalgama- 
tion and where the silver occurred as a haloid, or, if it occurred as a sulphide rnincriil, 
the ore was comparatively free from the base-metal sulphides. With such ore the 
recovery averaged between 80 and 85 per cent; the process was rnetallurgically clcim; 
it yielded a product of bullion and involved no troublesome by-products; it wiis 
simple to operate; the supplies needed were cheap and easily obtained. 

The disadvantage of the process was the small capacity and consequent high opc ' 
ating cost per unit of equipment, viz,f one pan. This has been the principal reas' 
for the abandonment of this process and its replacement by leaching processes, parti<^ ' - 
larly the cyanide process. The last two notable and eminently successful exampf 
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of the pan-amalgamation process in the United States were at the Commonwealth 
mine, Pearce, Ariz., and at the Presidio mine, Shatter, Tex. 

At the Commonwealth mine the ore was almost pure quartz; the ore milled aver- 
aged 15 oz. silver per ton; the silver occurred principally as a halide. The gold was 
subsidiary in value and averaged 0.05 oz. per ton. The first mill, built in 1896, had a 
capacity of 200 tons daily, which was large for pan amalgamation. The ore was 
crushed dry in Jenisch ball mills, but these were not entirely satisfactory, and after a 
fire in 1900 they were replaced by stamps and the ore was crushed wet. Tht) mill 
operated until 1910, when the cyanidt^ process was introduced. The recovcjry by 
pan amalgamation was 77 per cent on 15-oz. ore; the average cost of milling was $1.60 
per ton for the 400,000 tons treated; the loss of mercury was 0.2 lb. per ton of ore. 

At the Presidio minei the ore was a siliceous limestone averaging 18 oz. of silver 
per ton, principally as a (‘hloride. The ore also contained some galena. A pan- 
amalgamation mill of 70 tons daily capacity was built in 1884 and operated continti- 
ously until 1913, when it was converted into a cyanide plant of larger capacity. The 
average recovery ])y pan amalgamation is reported to have been 85 per cent. So far 
as the writer knows, the reconstruction of this mill marked the extinction of the pan- 
amalgamation process in the United States, but the process is probably still used to 
some extent in South America. 

CHIORIDIZING ROASTING AND LEACHING PROCESSES 

Chloridizing Roasting. — The gradual ('xhaustion of oxidiz('d ore and the increase 
of base-metal sulphide minerals with the silver sulphide minerals, togi'tlier with the 
increased facilities for transporting fuel and supplies, led to th(i introduction of 
chloridizing roasting and the attendant lea<*hing procc^sses. 

In chloridizing roasting, furnac^e heat replac^es water in effecting the desired chemi- 
cal reactions, viz.^ that of breaking up the sulphides in th(^ natural minerals and con- 
verting the metals into their r(‘spective chlorides. This is done by roasting the ore 
with common salt and a proportionate amount of sulph\ir in almost any type of 
roasting furna(;e. If too much sulphur is pr(?sent in the ore, the exc(*ss is removed by 
preliminary roasting; if the ore is completely oxidized, sulphur is usually added in the 
torm of pyrite or native sulphur in sufficient quantity to complete the reaction. The 
r(‘a(dion between the salt and sulphur, when heated in the presence of air, is shown by 
tin* following equation: 

2NaCl +8 + 202 = Ka2S04 + CI2 (1) 

From this equation it is obvious that an excess of sulphur in an ore is an unneces- 
sary consumer of salt. 

For the metals that are converted into chlorides by chloridizing roasting, the follow- 
ing equations will indicate, in their simplest forms, the chemical reactions that occur 
in the furnace: 


2NaCl + Ag2S + 2O2 = NagSO^ + 2AgCl (2) 

2NaCi + CuS + 2O2 *= Na2S04 + CuClj (3) 

2NaCl + PbS + 2O2 = Na2S04 + PbCU (4) 

4NaCl + 2C^lO + 82 + O2 « 2Na2804 + 2CuCl2 (3) 

4Kan + 2PbO + 82 + O2 = 2Na2804 + 2Pb(n2 (6) 


The equations for oxidized ore apply also to the carbonates, which decompose to 
oxides on heating. Sulphates and silicates decompose salt by the direct inter- 
' ^MTige of the elements and radicals without the addition of sulphur. 

' Adkinbon, Hknbt M.. The Silver Mine of Texas, Eng. Mining Jour., Aug. 2, 190i, pp. 160-151, 
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Iron pyrite loses one atom of sulphur at low temperature, which assists in decom- 
posing salt for the chloridization of oxidized ore, as indicated above. The ferrous 
sulphide formed by the loss of this atom of sulphur reacts with salt in the presence 
of air to form ferrous chloride in a manner similar to the other metals. This salt is 
probably oxidized to the ferric chloride in transitu to the oxide of iron, but in either 
state it decomposes at low temperature and becomes an active chloridizing agent for 
the other metals. Comparatively little chloride of iron is ever found in leaching 
solutions or in fumes from chloridizing roasting. The iron oxide thus freshly formed 
undoubtedly becomes an active catalytic agent and assists in the above-mentioned 
chemical reactions. 

There are good reasons for belic'ving that basic chlorides and double chlbrides are 
also formed; these need not be speculated on here, but will be discussed under the 
Jenness process, page 548. Arsenic and antimony, which are frequently lound in 
silver minerals, probably form combinations of this character. The method ©f calcu- 
lation stated above has been found to be remarkably dependable in practice, but it 
must be remembered that, in roasting, there is a dry mixture of ore and salt, ^)oth of 
which are crushed to pass, on the average*, a 0.75-mm. screen. It is, therefore, impos- 
sible to get the intimate contact between the salt and the mineral particles that is 
obtained from a solution of salt and finer grinding of the on*. For this reason, and 
on account of volatilization and mechanical lo.sses, it has been found advisable, while 
maintaining the ratio betwe(ui the .salt and sulphur, to incr(*as(^ the* proportions of 
both about 25 per cent in relation to the ore; also, for the reasons above mentioned, it 
is needless to say that these computations cannot he applied to a silver ore containing 
no chloridizable base metal, because the amount of salt necessary to combine with 
silver alone would be almost negligible and it would lx* ditheult to bring about chemical 
reactions. 

From Eq. (1) it will he observed that 116 parts l)y weight of salt combine with 32 
parts by w'eight of sulphur, or, in practice, it may be said that the ratio of salt and 
sulphur is as 4: 1, If sulphur occurs in the ore, this ratio will govern the amount of 
salt required for an efficient chloridization. The amount of sulphur that will yield 
the best results is that which will combine with chloridizable metals to form their 
normal sulphides. For example, as shown in Kq. (3), 65 parts by weight of copper 
combine with 32 parts by weight of sulphur to form normal copper sulphide, or a ratio 
of copper to sulphur as 2:1. Therefore, an ore containing 4 per cent copper w’ould 
require 2 per cent sulphur and 8 per cent salt to yield the most efficient chloridization. 
By the same method of computation, a 7 per cent lead ore would require less than 1 per 
cent sulphur and 4 per cent salt for chloridizing roasting. 

In the early days of chloridizing roasting there was a tendency to use higher 
percentages of salt than necessar>\ Later practice reduced this amount, and it now 
ranges from 5 to 15 per cent of the weight of the ore, depending somewhat on the 
amount of sulphur present. Ten per cent is u.sually the maximum required for all ore 
treated by this process, and for this amount of salt the sulphur should be as near an 
pG.ssible to 2.5 or 3 per cent. 

In the chloridizing roasting of silver ores, the roasting furnace does little more 
than start chemical action. For example, the ore-salt mixture remains in a StetefcMt 
furnace only a few seconds while dropping from the top to the bottom — a distance of 
about 40 ft. — against an updraft. The red-hot ore is drawn from the furnace johI 
dumped into a ‘^soaking pit,^^ or bedded on a cooling floor to a depth of 3 or 4 U., 
where it remains several days until cool. More than 50 per cent of the chloridizab^'’^^ 
is done on the cooling floor. 

The temperature of chloridizing roasting should not exceed 600^C., which is a J 
red heat. Above this temperature there Is considerable loss of the metallic chlorides ^).v 
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volatilization. Gangue materials and water vapor, as a rule, have little influence 
on chlondizmg roasting at low temperature. Gargeu^ states that aluminum silicates 
begin to decompose salt at SSO'^G. Spring* states that lead chloride begins to decom- 
pose in the presence of water vapor at llO^^C. and even sodium and potassium chlorides 
are partially decomposed at 400°C. Bagdasarian® found that water vapor, diluted 
with air, decomposes zinc chloride at temperatures as low as 500^*0. This phase of 
chloridizing roasting will be discussed under (%loride Volatilization Processes. 

Practically all types of roasting furnaces have been used for chloridizing, wz., 
hand reverberatory, Bruckner, White-Howell, Stetefeldt, McDougall, Edwards^ 
Merton, Wedge, Herreshoff, and Holt-Dern. 

The most satisfactory type of furnace yet developed for ordinary chloridizing 
roasting, and the one most universally used at the present time, is the Wedge or 
‘^multiple-hearth^* furnace, in which the ore and salt mixture is fed at the top and 
raked from one hearth to the next by rabbles or plows attached to radial arms from a 
vertical central shaft. This furnace is usually made with five superimposed hearths 
20 ft . in diameter. It is fired at the bottom hearth with wood, coal, oil, or gas from an 
attached firebox. The coal re(iuired is about 10 per cent of the oto, charge, depending 
on the (juality of the coal used and the amount of sulphur in the ore. The capacity 
of su(di a furnacrc is 80 tons of charge (ore and salt) per day, although with careful 
manipulation it lias reach(‘d 100 tons per day. 

The lOdwards-Merton is less cornplicati^d in construction than the Wedge furnace. 
It reqi^ss no specially designed firebrick or tile. Th(‘ metdianical parts are simple in 
construction and (*asily obt aim'd. These are requisites in isolated districts (see 
Brine Leaching of Silver Ores, page 530). 

"Jin' Holt-l)(‘rn furnace was ajiplied to chloridizing silver ore at Tintic, Utah. It 
was a low shaft furnace, built of concrete, and provid<'d with a rocking self-dumping 
grate for discharging the roasted ore. l^he furnac^e was filled with a moist mixture of 
jmlverized ore, coal, and salt, A low air blast was applied to facnlitate combustion. 
New ore mixtun; was charged at the top, while the chloridized ore was drawn inter- 
mittently fron» the bottom. The operation of the furnace will be further described 
under Brine I.(eaching of Silver Ores. 

The Steteb'ldt furnace went out of use with the passing of hyposulphite leaching 
in the United States, but in 1924 it was revived in modified iorni for oxidizing roasting 
of flotation eoneentrat<»s; it also has merit as a chloridizing furnace, for which it was 
originally d(*signed.* It is believed none are now in use in the United States. 

Where luglier temperatures are uscmI, as in volatilization roasting, the modern 
development of the White-IIuwell furnace is the only type that has been found satis- 
factory. This is the regular cement kiln us«*d for burning clinker. It is a cylinder 
100 to 125 ft. long and lined with firebrick. It is fired directly with oil, producer gas, 
or powdered coal, at the discharge end. 

Dust losses are negligible in chloridizing roasting, because as soon as the tem- 
perature is high enough to start the sulphur burning, which is below a red heat, chemi- 
^ action begins and the roasting charge has the appearance and physical character 

KUboetj, a., Compt. rend,, Vol. 102, p. 1154, 1886; Ann. chitn. phys., (6), Vol. 10, p. 105, 1887; 
I^audabakian, a. B., Influence of Certain Solids and Gases on the Cblorixation Roast, Eng. Mining 
^(>ur..Pre«n, June 13. 1925, p. 963. 

» Speino, W., Berichte, Vol. 18, p. 344-345, 1885; Bagdasarian. 963. 

® Bagpasabian, op. cit., p. 964. 

* Vanadiun Ores.— The United States Vanadium Co. operates a plant at Rifle, Colo., for tha treat 

f»t of siliceous vanadium ores (roscoelite?) found in the sandstone beds of that vicinity. The ore 

'ies about 3.6 per cent vanadium oxide. It is roasted with salt at low temperature, and 

is formed instead of vanadium chloride.' The roasted ore is leached with water, &nd the 
} & is precipitated from the solution by the addition of sulphuric acid. This high-grade precipita*r 

Uered off, washed, dried, and shipped to the ferroalloy plants in eastern United States. 
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of having been wet with water. Losses that may occur are due to the volatilization of 
metallic chlorides as fume at high temperatures, and not to mechanical loss as dust. 

Following chloridizing roasting there are, necessarily, attendant processes for 
the recovery of the metals. These are described chronologically in the following 
paragraphs. 

Pan Amalgamation. — For a long time the pan-amalgamation process was used 
to recover silver and gold from ore that had been chloridizod by roasting. The 
process was the same as that used on raw ores, except that the addition of salt and 
copper sulphate to the ore in the pan was unnecessary unless the chloridizing roasting 
was poorly done. This process was gradually superseded by leaching processes, for 
reasons already stated. 

Brine Leaching of Silver Ores. — The actual leaching of silver ore with brine, after 
chloridizing roasting, be^gan with the Augustin process in Germany in 1843Wd con- 
tinued to be used in Hungary for the recovery of silver from matte up to 1893.\ Owing 
to the prevalent use of pan amalgamation — wen for ore which had been eh^oridized 
by roasting — and the early introduction of hyposulphite leaching, brine Icailnng of 
silver ore did not make much progress in the United States. It was first successfully 
applied by D. W. Brunton at the Stewart mill in Georgetown, (’olo., in 1876. Later, 
he operated this process at the Caribou mine in Boulder (’ounty, Colo., and, up to 
1879, at the Silver Peak mine in Nevada. Bruckner furnaces were usc^i for chloridiz- 
ing roasting. No t'ffort was made to recover any base metal ex(‘,ept the copper used 
in precipitating the silver from solution. The proci^ss was not revived for ^e com- 
mercial treatment of silver ore until 1911, when the Uolt-J)ern j)rocess^ was d(*veloped 
at Park C-ity, Utah, and reached commercial operation in 1914. In 1915 a plant was 
constructed at Silver City, Utah, by the Tintic Milling Co. 'Pliis plant during its 
operation became essentially a pilot mill for a larger plant constructed by the Standard 
Reduction Co. at Harold, IHah, to treat the low-grade silver-lead ore from the* 7'intic 
Standard mine. The larger plant had a capacity of 200 tons per day and began 
operations in January, 1921. 

The process^ consisted of a chloridizing robust in a HoJt-Dern furnace, followed by 
a percolating leach with a nearly saturated solution of common salt acidified with 
sulphuric acid. The silver was recovered by precipitation on cement copper, and the 
copper and lead by precipitation on detinned scrap iron. 

The recovery of lead at the start was to be incidental, as it was at the pilot plant; 
but, stimulated by the higher prices for the metal during the early ’20’8, effort was 
made to improve the recovery — which was less than 50 p(‘r c(uit — and to treat ores 
containing a higher percentage of lead. 

The average analysis of the ore treated during 1924 was: Au, 0.025 oz. per ton; 
Ag, 18.26 oz. per ton; Cu, 0.3; Pb, 5.0; SiOa, 65.0; Fe, 10.0; CaO, 0.7; S, 3.0; md 
As, 0.7 per cent. It is essential that the lime content of the ore be low, the sulphur 
not to exceed 4 per cent, and the gold be negligible. 

The ore mixture was made up as follows: The ore, with 8 to 10 per cent salt, was 
crushed to pass a 10-mesh screen (about 1.8 mm. opening). Fuel was added in lhe 

» Holt, Thbodoks P., Chloridizing Ixsaching at Park City, Trans. A.I.M.E., Vol. 40, pp. ISil- 
1914; Schmidt, F. S., Rejuvenating the C’hloridizing Roast. Mirting Sei. Press, Aug. 29, 1914, pp. 

328; Scibibd, Gboros H., Park City Milling Co., Eng. Mining Jour., Aug. 8, 1914, p. 254; 

G. H„ The Mines Operating Co., Park City, Utah, Eng. Mining Jour., Aug 8, 1914, p. 253; 
Glenn A., Chloridizing Blaet Roasting and Leaching, Eng. Mining Jour., Feb. 6, 1915, pp. 265-209, 

Feb. 13, 1915, pp. 315-322; Holt, Thkodohe P., Chloride Roasting and Leaching. Tintic Millhu^ ’ 
Mining Set. Press, Apr. 24, 1920, pp. 603-604. 

* Allen, H. P., and W, C. Madge, Chloridizing Mill of the Standard Reduction Co-, 
A.I.M,E„ Sept. 1925; Mining Mst., August, 1925, p. 444; Parsons, A. B., The Tintic Standard lb* * ac- 
tion Plant, Eng, Mining Jour.-Press, Aug. 22, 1925, p. 284; Oldrioht, G. L., Present Trend in Trcai u.ent 
of Complex Ores, Mining Met., July, 1924, p. 3^6, 
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form of coal dust usually between 1 and 2 per cent, depending on the amount of 
sulphur (as sulphide) in the ore. With 3 per cent sulphur, 1.5 per cent coal was used; 
as the sulphur changed the coal was varied, using the ratio of sulphur: coal •= 1 '0 65 
Sulphur was maintained as near 3 per cent as possible; if the sulphur content fell below 

2 per cent, the charge burned unevenly and lost heat rapidly during the recharging 
period; it it exceeded 4 per cent, the charge fused in the furnace, became troublesome 
to handle, and was poorly chloridised. Water was a necessary constituent of the 
charge for the purpose of agglomeration and forming a more porous ore bed. It was 
added in sufficient quantity to make the ore stick together when pressed m the hand. 
With a 10-mesh feed the water required amounted to about 7 per cent; too much 
water made a hard calcine ; too little made roasting alow with a tendency to be “spotty.” 
Wator was supposed to assist in the chloridization by the formation of hydrochloric 

features of this process was the unusual typo of chloridizing furnace which has 
hcon (h'seribed at the hoginiiiiig of this set^tion. The Holt-Deni roasters consisted of a 
row of reirifor(‘cd-coricri‘te boxes, 7 X 9 X 5 ft. deep inside, set end to end; on the 
bottom were nu'chanically operated grates with lioppers underneath. Leading into 
the hoppers under tiie grates, was a pipe through whiidi an air blast was supplied at 
8 oz. j)r('ssur(‘ by a direct-connected Sturtevant fan. This arrangement helped to 
cool the roasted ore^ and heated the air blast. A common flue, through which the 
gases were; drawn, ran the full length of the furnaces and connected with the absorption 
chamber for the recovery of acid, and thence to the stack. 

The furnac(‘ was started with a layer of coal dust dampened with oil, spread over the 
grate, and ignited. This was followed with a special ore mixture, richer with coal 
tiian th<^ charge. The air blast was turned on, and when this charge was burning 
properly the regular charge w^as added. At regular intervals the grate mechanism 
wa.s .s(;t in motion and the charge was lowered in the furnace, so as to leave a bed of 
r('d-hot calcines, about 10 in. de(‘p, on tlie grate to start the new charge burning. As 
the roasted ore was drawn from the furnace, new ore mixture was added at the top 
111 4.25-ton eharg(*s. Th(' capacity of each furnace was about 25 tons of calcines per 
day. I'he temperature in the (‘enter of the roasting ore was supposed to be between 
700 and 750°(^ The furnace* was operated with a cold top to prevent, as much as 
possilile, loss by volatilization. 

The iiot (;liloridized on* was dropped from the hoppers into a concrete launder 
through which a stream of brine or “>veak^' mill Lolution flowed. This flushed the 
calcines into one of six concrete leaching vats. These vats were 28 ft. in diameter by 
1 1 ft. deep inside, and had a filter bottom made up of crushed quartzite. Each vat 
held about 225 tons of calcines when filled within 8 or 10 in. of the top. After leveling 
die charge, leaching w as started. The lixivium was drawm through 3-in. earthenware 
cocks into two concrete tanks of the same size as the leaching vats. The first, or 
I'icher part of this lixivium, w'as designated as “pregnant solution “ and carried about 

3 oz. silver and 1 4 lb, lead per ton j the subsequent lixivium, known as “weak solution, 
'viis dis(;harged into the second tank and was used for sluicing calcines into the leaching 
vats. 

The hot lixiviant obtained in the manner above described, containi»g an excess 
salt and the soluble base-metal chlorides derived from the chloridizing roast, 
hiritied a (piick solvent for the silver chloride and some of the lead salts in the ore. 
I * was necessary to maintain a slight acidity (varying from 2 to 5 lb. of acid to the ton) 
the letwihvng solutions at all times. A small part of the supply was derived from the 
i-vi. ^-scrubbing (diamber through which the gases from the roasting furnaces pa^ed, 
it was necessary to maintain the greater part of this acidity by the direct addition 
sulphuric a<‘id. The water from the scrubbing chamber probably contained 
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% mixture of sulphuric, sulphurous, and hydrochloric acids. The regular lixmum 
from the leaching vats contained about 22 per cent salt and had an average temper- 
jiture of 62®C. 

The time cycle for leaching the chloridized ore was as follows: filling the vats, 
24 hr,; leaching with weak solution, 48 hr.; with barren solution, 48 hr.; with wash 
water, 8 hr. ; draining, 2 hr. ; emptying vats, 8 hr. 

The presence of lime and magnesia was objectionable in an ore because they com- 
bined with the sulphur and prevented chloridization in the roasting furnace; they 
consumed acid in the leaching solutions; and they had a precipitating action on the 
base-metal chlorides. Gold in the ore was only slightly chloridized, and the recovery 
never exceeded 35 per cent. Gold, therefore, was not desired ; if it occurred in the ore 
in appreciable quantity it was recovered from the tailings by another process. Chlo- 
rine gas added to the leaching solutions gave a good extraction of the goM, but it 
has not been found feasible to use this in practice. The recovery of gola will be 
further discussed under Chloride Volatilization Processes and Wet Chlofine-gas 
IVocesses. 

A lixiviant saturated with salt was found troublesome to handle in comiriercial 
practice, and it apparently did not have the solvent power for silver chloride that was 
obtained by slightly weaker solutions. The null solid ion, as finall}’^ constituted at 
the Standard plant, had a carrying capacity of 25 to 30 oz. silver ptr ton, which was 
a concentration not approached in practice. Dissolution of the lead, however, w'as 
quite a different probhmi. Lead in the calcines was considered as pi’escrnt in the form 
of the sulphate and not as the chloride. The quantity of lead salts that brine will 
carry depends on the solution temperature, the chloriiH^ concentration, and tlic sul- 
phate content. An equilibrium in the sulphate content was soon established in mill 
solutions, which prevented further dissolution of lead salts. If the sulphate content 
(expressed as Na 2 S 04 ) could have been kept below 2 p(‘r cent in the mill solutions of the 
Standard plant, it would have been pocsiblc to reeovcT about 1.25 ions additional lend 
per day; but, as these solutions were returned to the cir<*uit, the* sulphate content was 
constantly increased by the addition of acid, and by the sulphates from new calcines. 
All known methods for removing these sulphates were prohibitive on account of the 
expense. Increasing the leaching time from 4 days to 9 days laised the recovery of 
the lead from 65.7 per cent to 92.5 per cent, but this procedure required greatly 
increased leaching capacity. 

The silver was originally recovered from solution by precipitating on copper plates 
and was melted into bullion 975 fine. Later, the silver (and gold) were precipitated by 
cement copper (produced by the process) passed countercurrently to the lixiviun* 
through four Pachuca agitators. These tanks were made of concrete, and the agita- 
tion was done with compressed air. After a certain period the copper in the first 
agitator ceased to function; this W'as attributed to the d(*position of rncLallic arsenic* 
The silver preenpitate was then withdrawn from the first agitator, and the copper from 
the second agitator was by-passed into the first. The avcTage analysis c.t the silver 
precipitate was: Ag, 8750 oz. per ton (30 per cent); (\i, 15; Pb, 2; As, 25; Sb, 1.5 per 
cent, and the remainder was princip. lly iron, alumina, and insoluble.’^ This precipi- 
tate was washed and roasted slowly in a small reverberatory furnace. The arsenic 
was volatilizod and recovered in bags as AsaOa; the temperature was then raised to 
oxidize the copper. The roasted material was treated with hot dilute sulphuric aci<i 
(25 per cent), which dissolved the copper. The residue was dried and sold to tl'C 
smelting companies. The analysis of the final silver product was: Ag, 10,000 to 14,011) 
oz. per ton; Cu, 1.0; As, 0.75; and Pb, 1.8 per cent. 

The lixivium leaving the Pachuca agitators flowed through eight precipitat e^ 
boxes or launders for the recovery of the copper. These boxes were 30 ft. ^ 



CHLORINE METALLURGICAL PROCESSES 088 

wide, and increased from 18 in. to 3 ft. in depth; they were made of concrete in the 
nsual form, the bottoms sloping to facilitate sluicing. Ordinary scrap iron was first 
used as a precipitant, but later detinned sheet scrap was used in order to supply 
greater precipitating surface and to produce a higher grade copper precipitate. At 
comparatively low temperatures, the copper was precipitated preferentially from the 
lead. Part of the cement copper thus produced was used to precipitate the silver, and 
the balance was shipped to the smelters; it contained about 100 oz. Ag per ton, 50 per 
cent Cu, and 6 per cent Pb, besides iron and other impurities. 

The lead also was precipitated on detinned scrap sheet iron, but, to get a sufficiently 
rapid action, the temperature of the solution had to be maintained above The 

solution leaving the copper precipitating boxes had a temperature of about 45°C; 
this was pumped into a tank fitted with copper coils and was heated wuth low-pressure 
steam to the required temperature before going to the lead precipitating boxes. There 
were 15 lead prcicipitating boxes of the same size and form as the copper precipitating 
boxes. The l(^ad precipitate contained 6.5 oz. Ag per ton, 70 per cent Pb, and 5 per 
cent Cu, besuh^s iron, alumina, and other impurities; it was shipped to the smelters 
without drying and contained 21 per cent moisture. The iron and the alumina in the 
copper and th(* lead products were probably in the form of basic salts. 

It was found advantagt^ous to remove the tin from the tin-plate scrap before using 
the iron as a precipitant. This was accomplished by treating the scrap with a solution 
of caustic soda containing a small amount of litharges. ^ The litharge was obtained by 
roasting tlui lt*ad precipitate. The tin was not recovered. 

'Fhc average recovery of the metals from the ore in 1925 was gold, none; silver, 
89.8 per cent; lead, 65.7 per cent; copper, 52.2 per cent. 

The cost of mill treatment per ton of dry crude ore was: operating labor, $1,738; 
operating supplies, $1,319; repair labor, $0,553; repair supplies, $0,539; power, $0,283; 
total, $4,432. The cost of labor and supplies at the plant was: labor, $5 per 8-hr. day; 
salt, $4; slack coal, $3.05; and tin-plate scrap, $18 per ton. 

The concrete, construction used in the leaching vats, precipitating boxes, and 
tanks was important. The aggregate was composed of crushed quartzite and siliceous 
sand containing 96 per c('nt Si02. The maximum size of the aggregate was 1.5 in.; 
fhe proportions used were 65 per cent of the coarse and 35 per cent of the fine. The 
ratio of cement to aggregate varied from 1 : 3 to 1 : 4, except in the lead- and copper- 
pr(*cipitating boxes where a ratio of 1:5 was used. None of this concrete showed 
any deterioration from the corrosive solutions except the. walls of the absorption 
chamber, where the gases from the roasting furnaces were sprayed; these walls were 
attacked by the acids and were then protected by plank, painted with elaterite. 
(Vacks occasionally developed in the lead-precipitating boxes owing to the change in 
leinperature when washed with cold water; such cracks were chipped out and filled 
with a 1 : 1 cement mortar. 

The mill was placed on a steep hillside, and the solutions were moved by gravity as 
niuch as possible; where pumping was necessary, wooden air-lift pumps were used for 
the corrosive solutions, and acidproof centrifugal pumps handled the barren solution. 
'Hie launders were made of concrete. 

Considerable space is devoted here to the description of this plant oecause it repre- 
•'^' nted years of experimentation and the expenditure of a large amount of money in 
iiu effort to exploit a new principle of ore roasting on an old metallurgical process; 

leaching of silver-lead ore was studied here also in great detail under the most 
hivorable conditions. The results as a whole show that little, if any, pecuniary 
sids^antage was gained over shipping the ore to the local smelters; this fact does not 
^ ' fleet adversely on the merit of the brine-ieaching process, but clearly illustrates how 

^ ScttNABUL, Carl. ** Handbook of Metallurgy," Vol. 2. p. 423, New York and London, 
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local conditions not only should govern the selection of an ore-treatment process, but 
may affect its commercial value. 

The interesting and novel features of the plant were the roasting furnaces and the 
use of concrete construction. The basis of success in chloridizing roasting and leach- 
ing processes js an efficient chloridization; consequently, the interest in this plant 
centers primarily in the furnaces used for chloridizing roasting. 

Whatever economies may have been obtained in the construction and operation of 
the Holt-Dern furnace, it was fundamentally wrong for chloridizing roasting. Highly 
oxidizing conditions are imperative for efficient chloridization ; these conditions cannot 
be obtained when carbonaceous material is mixed with the ore charge and used as 
fuel. The reducing conditions in this furnace are amply proved by the t(idency of 
the ore to matte or fuse wh(m the sulphur content exceeds 4 per cent. At the low 
temperature maintained, the effective chlorine can be liberated from the salt only by 
the sulphuric acid radical; the sulphuric acid radical can be formed only by applying 
the elemental sulphur with sufficient oxygen. Apparently, to obtain these yssential 
oxidizing conditions, it would be better to use a percentage of sulphur high chough to 
maintain the heat of chemical reaction and use no coal at all. It is necessary also, 
in the operation of these furnaces, to use an ore charge too coarse for efficient chlori- 
dization, in order to maintain sufficient draft ; unless the miruTal particles are fm)d 
from the gangue by the coarse crushing, it is impossible to chloridize a mineral particle 
entirely (uiveloped by gangue. The ore mixture should be crushed to pass a 20- or 
30-mesh screen for proper chloridizing roasting. 

Water cannot possibly have any chemical influ(*nc(» on the chloridization at the 
temperature and under the conditions existing in this furnace; it is eompkdeOy evapo- 
rated before any d(‘composition can take place. The water probably dissolvc'd sonic 
salt and thereby brought that salt into more intimate contact with the mineral 
particles, and, in this manner, aided the chemical action. ;\side from improving tlj(‘ 
physical condition of the ore charge, it could only consume the extra heat units neces- 
sary for its evaporation. 

The chloridization might be improved if the* roasted ore had been allowed to 
remain on a cooling floor for a few days, but this, of course, would lose the hc‘at 
desired for the leaching solutions. Probably much of the chloridization i.s act^om- 
plished by the base-metal chlorides formed by the reaction of tlndr sulphates with the 
salt. 

Comparing the results obtaiiH*d at the Standard plant with those obtained by 
hyposulphite beaching on the much more difficult ores from A.spen, Colo, (see Hypo- 
sulphite Leaching of Silver Ores), the question arisi^s whether chloridizing roasting 
in a standard furnace and under proper conditions, followed by hyposulphite leaching, 
would not give much better results; such treatment of ore from Oeede, C^olo., which 
is similar in character to the 'Untie ore, yielded a recovery of over 90 per cent of the 
silver. Lead and copper are recovered also by this process. The final products 
obtained are fully as high grade and are marketed in the same manner as the products 
obtained at the Standard plant. Hyposulphite solutions art* noncorrosive and arc 
easily regenerated. 

Losses by volatilization at low-temperature roasting in a standard chloridii^‘iifi 
furnace are not prohibitive, and the volatile chlorides are easily n‘covered. 

Pilot plants, including Holt-Dern furnac^es to be followed by brine leaching, 
installed at San Vicente, Bolivia, and at Fulacayo, B(>livia, to replace the hyposulphite 
leaching that has been in use there for 30 years. The succ^ess of this process hing^^ 
on the adaptation of blast-roasting to high sulphur ore. An attempt was nnub; ^ 
solve this problem by returning a portion of the calcine to the charge bin to be luixe 
with the crude ore, thereby reducing the sulphide-sulphur content of tlie 
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charge.! editor attempted to learn some of the detailed results of these plants, 
but without success. It is interesting k> note, however, that there was some talk 
about constructing Holt-Dern plants in Bolivia under Board of Economic Warfare 
auspices as late as 1942-1943. 

Manganese-silver Ores.— Clevenger and Caron* have made an exhaustive study of 
the treatment of manganese-silver ores, which are notoriously refractory. The 
results of this work may be summarized as follows: 

*‘It appears that in manganese-silver ores of secondary origin, formed at low 
tcirnporature, the refractory silver mineral is manganite of silver; whereas, if the ore 
deposition has taken place at higher temperature, silver silicate may also be preaent.^^ 
‘‘Our experience, however, is that, whether or not the manganese present has a 
fixed ratio to the silver, it is necessary to dissolve all of the manganese; or if reduction 
is practiced, all th(^ hightu* oxides must be reduced to manganous oxide in order to 
obtain the highest recovery of silver. This clearly indicates that in certain of these 
ores although the silver has no fixed ratio to the manganese, the manganese is directly 
related to the n^fractory silver. ... We have found that the refra(dory silver in the 
original ore is insoluble in all the common solvents for metallic silver and its salts — 
that is, cyanide' solutions of all concentrations, dilute and concentrated nitric acid, 
dilute sulphuric acid, salt solution, alkaline thiosulphates, ammonia, mercury, and 
other reagents. This conclusion harmonizes with all previous work on the problem. 

“In the chloridizing roast, as fornu^rly carried out in various types of roasting fur- 
nacc\s, the ore was first given an oxidizing roast, which was followed by the addition 
of the sodium chloride for chloridizing. I)\iring the oxidizing roast the MnOg would 
he dissooiab'd wdth the formation of the lower oxides Mn^Og or ]Mii* 04 , depending upon 
the temperatun' and time of heating. Also, during this stage, a large portion of the 
amenable silver compounds in the ore would combine wdth the Mn and SiOz to form 
additional refractory compounds. It Is, therefore, not unusual during an oxidizing 
mast of ores of this class for all of the silver to be converted into refractory compounds 
w'here originally there had been only 60 to 75 per cent of refractory silvc*r. On the 
addition of sodium chhuide to the heated ore in an oxidizing atmosphere a consider- 
able proportion of tlie silver is converted into silver chloride, but the conversion is 
iK'ver complete, as indicated by the subsequent low^ recovery of silver. It is, there- 
fore, ofivious that the conversion w’ould probably be more complete if oxidation could 
he avoided during the (‘-arlier stages of roasting. 

“With chloridizing blast roa.sting, the necessary fuel and salt arc mixed directly 
with the ore, and, after ignition, the air is either blown or drawn through the charge. 
I'nd(‘r these conditions, during the heating of the ore an excess of carbon is left which 
to a gr<‘ater or less extent reduces the higher oxides of manganese to the lower oxides, 
ev(‘n as low' as manganous oxide. This condition largely liberates the silver in a 
fimdy divided metallic condition which is ideal for chloridization. However, during 
this first stage, in which the conditions are reducing, no chloridization of the silver can 
take place at the temperature employed; but later, after the fuel is consumed, the 
uiixture of hot ore and sodium chloride comes in contact with the air, at once giving 
conditions favorable to chloridization.” 

This idea has been developed in the Vermacs process® in which the ^ely crushed 
ore is mixe<l with organic material and sodium chloride. 1 his mixture is heated to a 
t < mperature of 320 to 330°C., after w^hich the ore is cyanided. The organic matter is 

‘ I'fiRKOs, Hobbrt D., Hla«t-Roa»ting an Improvement over Old Patera Process in Bolivia, Eng. 

Jour,-^Pre»s, Nov. 20, 1024, p. 854. . ^ 

H::i.jbvicnoer, Galbn H., and Martinvb H. Caron, The Treatment of Manganese-silver Ores. 

* -Sf. Bur. Minen Bull. 226, 1925. ^ ^ v 

* Vjsrmabr, STKrANUS JoHANNBa, Treatment of Refractory Manganese Ores Containing Precious 
lals or Silver Alone, U. S, patent 1234426, July 24, 1917; Clkyengbr and Caron, op. cif,. p. 34. 
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added for the purpose of breaking up the manganese-silver compounds. The reduc- 
tion of natural manganese dioxide begins at a temperature of approximately 90®C\ 
in an atmosphere of hydrogen or carbon monoxide. In the dry distillation of organic 
material, hydrogen, carbon monoxide, and hydrocarbons are readily formed at 
temperatures of 180 to 200®C., and the reducing gases so formed will react with the 
higher oxides of manganese, reducing them to a low(*r oxide — gtmerally to Mn 304 . 
According to Vennacs, the silver will then combine with the salt to form silver chlo* 
ride Since the temperature in this process does not rise above 330°(l, all the charcoal 
resulting from the distillation of the organic material remains unacted upon and 
finely divided throughout the ore. Vermaes claims there is no loss of gold or silver 
by volatilization at this low temperature. Clevenger and Caron found a pnall loss 
of gold but no loss of silver when conducting the chloridizing roast in alreducing 
atmosphere at 300°C. ; they also found that “the silver is not all present asrhloridc, 
a small part being in the metallic state, since decomposition of silver chlorki|e begins 
in a reducing atmosphere at 300°C.^' The amount of salt used in this procesip is 1 to 
3 per cent depending on the proportion of silver present in the ore. \ 

The percentage of silver volatilized^ from manganese-.silver ores by the (‘hlorido 
volatilization process is far below that which would be necessary for successful com- 
mercial operations. 

Conversion of these refractory manganese-silver compounds into silver chloride 
by wet methods has been attempted by several investigators, but chiefly by Linton.® 
He ground the ore and salt to pass a lOO-mesh senum and then agitated the mixture 
for 24 hr. in a 5 per cent solution of sulphuric acid. The ore pulp was then filtered 
off, washed, and cyanided. The silver recoveries varied from 60 to 94 per cent. 
Clevenger and Caron found that the extraction of silver varies as the manganest* is 
dissolved as sulphate, and in order to obtain a high extraction ol silver it is necessary 
to dissolve all the manganese; therefore, the process is amenable only to ores low in 
manganese and with a gangue insoluble in acid. The use of hydrochloric acid instead 
of sulphuric acid has yielded high recoveries of silver when followed by cyanidation; 
free chlorine is evolved when either acid is used. It is difficult, particularly with the 
higher grades of manganese-silver ores, tt) filter and <a)mpletcly wash the ore pulp. 
The manganese sulphate remaining in the residue is an activ^e cyanicide. 

Brine Leaching of Lead Ores.* — In 1916 considerable work Avas done on the 
hydrometallurgy of lead at the Bunker Hill & Sullivan mine at Kellogg, Idaho, 
following an attempt to use the dry chlorine-gas process. It was found that dry 
chlorine gas, acting on lead sulphide, produced l(?ad sulphate and not lead chloride. 
The fine galena concentrates were, therefore, roasted to the sulphate of lead by the, 
ordinary method, and the roasted ore was leached with a strong solution of common 
salt. This solution w^as electrolyzed, using sheet-iron anodes. Pure lead was 
obtained in spongy form with the theoretical consumption of iron. The proces.s 
seemed feasible with reference to cost and recovery, but, witli a smelting plant already 
in operation and treating all classes of ore, the leaching process was not developed to a 
commercial scale. 

Experimentation by U. C, Tainton, metallurgical engineer for the Bunker Hill k 
Sullivan Co., was continued in perfecting the electrolytic cell, and a pilot plant 
constructed to treat the tailings from the concentrating mill. The tailings contn‘n 


* CLSVBNGiiR and Carox, op. eu., ai . 

*Likton, Rodrbt, Silver Ore Treatment in Mexico, Jour. Chem. Met. Soc. of South Africa, Vol. 
p. SOT, March, 1909; Clsvenqiir and (Uron, op. eit., p. 31. 

* Lyox, D. a., and O. C. Rai^ston, Innovations in the Metallurgy of Lead, U. 8. Bur, JUinea Bn • 
167; Iieaching Lead from Carbonate Ores, Mining Set. Prena, Mar. 1, 1919, pp. 277-2S2; RaM'i''^^* 
O, C., Salt in the Metallurgy of Lead, Trana. A.I.M.E,, Vol. 67, pp. 634-666, 1917, 
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considerable fr carbonate of iron. They were given an ordinary oxidizing 

roast to convert the tton into the insoluble oxide and the galena into the sulphate. 
The calcines were then leached with hot brine containing ferric chloride The 
lixivium was passed through a diaphragm electrolytic cell equipped with insoluble 
anodes. Lead and silver were precipitated on the cathodes, and the chlorine liberated 
at the anodes wm absorbed by the ferrous chloride in solution, regenerating ferric 
chloride for new lixiviant. 


Later development in this pilot plant during 1924-1925 resulted in further changes 
in the process. Ihe ore was roasted at a temperature not exceeding 500®C in a 
cylindrical furnace, which was heated electrically by a central core of heat-resisting 
iron pipe; this obtamed a highly oxidizing atmosphere without the contamination of 
fuel gases. 

Th() roasted ore was leached with water to remove the zinc and other soluble sul- 
phates. It was then leachcni with hot brine from the electrolytic cells, to which some 
bleaching power had been added. The calcium chloride in the bleaching powder 
precipitated the sulphuric acid radical from solution as calcium sulphate and thereby 
obtained an efficient dissolution of the lead. This was followed by a leach with new 
solution. Tht? ore treated contained about 5 per cent lead. The consumption of salt 
was 30 to 50 lb. per ton of ore. 

The lixivium from the leaching vats contained 12 to 15 lb. of lead per ton and was 
sent to the electrolytic cells; these cells w'ere closed for the recovt‘ry of the chlorine, 
'fhe aiK)des were graphit(» and were separated from the cathodes by diaphragms. The 
liberat(Ml ehlorim) gas was passed over lime tn prevent it from bec^oming obnoxious 
around the plant; thi.s also form<‘d the bleaching powder used in the process. Only 
the calcium tdiloridi* — not the calcium hypochlorite — thus produced performs any 
valuable function in the proc(*ss. The lead was precipitated on a submerged revolving 
cathode (135 r.p.in.) with a current density of 15 amp. per sq. ft. and at a pressure of 
3 to 4 volts. The h'ad deposited in a spongy condition and w^as constantly brushed 
off the cathode. 1 1 was pumped from the bottom of the cells and sent to a filter to sep- 
arate it from the electrolyte. The lead sponge was melted into bullion, and the elec- 
trolyte, (*ntir(*ly free from lead, returned to the leaching vats. Gold and silver were 
deposited wdth the lead, but, by using a lower current density, it was possible to pre- 
cipitate them preferentially from the lead in a highly concentrated product. 

The (.%emical & Metallurgical Gorp. of England likewise developed the Elmore 
proccHs for the extraction of lead and silver from lead-zinc concentrates or high-grade 
complex ores. The ore was given a chloridizing roast with a small amount of salt at a 
temperature not exceeding 400°C., in order to chloridize the silver only. The roasted 
ore was than agitated in a series of rubber-lined cones with a saturated salt solution 
coTitaining 10 per cent sulphuric acid, at a temperature of 100°C^ Sulphurated hydro- 
gen was given off, and lead sulphate was formed. Sulphur dioxide gas was intro- 
duced into the last cone to prevent the formation of silver sulphide from the zinc 
sulphide prf^sent. Lead and silver passed into solution, and the zinc remained as a 
sulphide with the gangue. The solution w’as passed over lead plates to precipitate 
fhc silver and then cooled to precipitate the lead as sulphate and chloride. The 
process was not a commercial success on account of the extreme mechanical difficulty 
in handling the hot corrosive acid solutions on a large scale. 

The Combined Metals Reduction Co.,i an organization financed by the National 
l'<‘ad Go., erected a plant at Bauer, Utah, in 1925, to treat complex sulphide ores by 
ti e Snyder-Christensen process.* The ore treated was very complex middling from 


* Bnyder-Chriatenaon Procesa Works Weil at Bauer, Utah, Sng, Mitiing Jour^-Press July 4. 1926. 
^ "“ws item, 

’ U. S. patent 1649062, Aug. 11, 1925, N. C. Chrwtbkmmi. 
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the concentrating mill where selective flotation was used on complex ores. This 
middling product was treated with hot brine acidified with hydrochloric acid, which 
dissolved the lead and silver sulphides (also oxidized minerals) but did not attack the 
zinc and copper sulphides. Hydrogen sulphide was evolved which might be used as a 
precipitant for the silver and lead if desired, but was sent out of the stack in the Bauer 
operations. It was found more advantageous to separate the lead chloride by cooling 
the lixivium than to recover the lead direct from this solution by means of electrolysis 
or by precipitating on iron. An attempt was made to fuse the lead chloride thus pro- 
duced and precipitate the lead by the addition of metallic zinc, but no market could 
be found for the zinc chloride. It was later proposed to smelt the lead chlqride with 
lime and return the calcium chloride to the circuit. 

The hydrochloric acid used for acidifying the brine was made in a separate plant so 
that the sulphates could be eliminated from the lixiviaiit and thereby se<‘ute a high 
extraction of the lead (compare wuth the Holt-Dern process described under Brine 
Leaching of Silver Ores). The lixiviant was a nearly saturated solution of ^It; the 
acidity w^as varied to satisfy the lead content of the ore treated and was maintained at 
the ratio of 0.5 lb. hydrochloric acid to each 1.0 lb. of lead in the ore; at the end of the 
leaching operation, the lixivdant should contain 0.5 per cent of free hydrochloric acid. 
During the leaching operations it w^as necessary to maintain the temperature of the 
lixiviant at 95‘^C., which W'as near the boiling point. Such a solution is very destruc- 
tive to any type of leaching vat and to all appliances used in the plant; the materials 
used in this construction were confined to %vood and rubber. The lixivium coming 
from the leaching vats wm said to carry 4 per cent or 80 lb. lead per ton. 

The plant w as designed for a capacity of 150 to 200 tons of ore per day, but the 
mechanical difficulties in handling the hot corrosive acid brine, in disposing of large 
quantities of hydrogen sulphide gas, and in making a satisfactory recovery of the 
metals were so great that the proce.ss did not pass the pilot^plant stage. 

An experimental leaching plant, using practically the same process, w^as estab- 
lished at K(;eler, Cali^., by the C’hemical Development & Reduction Co.^ The 
extraction of silver and copp(T was about 90 ptT cent. 

Brine Leaching of Copper Ores. — 'Fhe use of chlorine in the mcdallurgy of copper 
is now confined to the chloridizing roasting of cupriferous cinder from sulphuric acid 
manufacture. The principal source of this material is pyrite from Spain, W'hich is not 
only shipped to the United States but to many point.s in Europe*, although other 
sources of pyrite are also used in quantity. 

The practice is essentially the same in the United States and PMrope, and also in 
Japan. The process is more extensively used in Phirope and some modifications were 
introduced there by Ramen* that are known as the Ram^*nia system. The acid 
roasters are operated so as to leave a little more sulphur than copper in the cinder 
The average copper content Is betvreen 2.5 and 3 pcT cent, and the sulphur is betwee^n 
3 and 4 per cent. This slight exce.ss of sulphur is desired to get the proper heat (»f 
reaction. If not already in fine condition, the cinder or calcine from the acid roasting 
furnaces is pulverized to pass a 10-mcsh screen. P'or this grade of cinder, 8 to 10 
per cent of salt is added. The Scandinavian plants use principally Norwegian pyrite 
cinders, and these vary widely in both chemical and physical properties. Some <>f 
them contain 2 to 6 per cent zinc. The zinc sulphide does not oxidize readily, hthI 
consequently the cinder carries a higher percentage of sulphur, w'hich must be com- 
pensated with an additional percentage of salt. 

1 DawhoNi C. M., The Experimental Plant of the Chemical Development & Reduction Co.> 
Mining Jow.-PreaB, Sept. 5, 1926, p. 383. ^ 

’Obtkam, N., Chloridizing and Leaching as Practiced in Sweden, Eng. Mining-Jowr„ Mar. 6, P -l* 
pp. 417-422. 
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The furnaces used are the Wedge type in the United States and the Ramfin-Beskow 
type m Europe. Both tpes are multiple-hearth furnaces and are usually direct- 
fired on the lower hearth by producer gas or by coal from a firebox 

The Wedge furnace is 20 ft. in diameter and has five hearths. The Ramfen- 
Beskow furnace is essentially of the same construction as the Wedge, but the first and 
second hearths are separated, making two compartments of the furnace. The 
combustion gases thus are kept separate from the acid gases from the chloridizing 
roast. The draft is regulated by fans. The ore mixture on the first hearth is brought 
to a temperature of about 300°C. by the use of fuel; this is sufficient to start the 
chloridizing action. From this point the ore passes to the lower hearths successively, 
and, with the chemical action started, enough heat is generated exothermically to 
complete the chloridization without extraneous fuel, and there is no danger from 
overheating or from loss by volatilization. 

The coal required in American practice varies from 8 to 12 per cent of the weight 
of the cinder, depending on the character of the cinder treated, the furnace con- 
ditions, and the quality of coal used. At the Oscarshanin (Copper Works, Oscars- 
hainn, Sweden, where the latest improvements of the Ram^nia system have been 
in operation over twenty years, the Ramen-Beskow furnaces are fired with producer 
gas mad(' from tarry wood. The wood consumed corresponds to about 2 per cent of 
coal, based on the weight of the cinder. In order to maintain the* heat of reaction, 
they mix a certain amount of green pyrite with the cinder during chloridizing roasting. 
Since they pay for the sulphur and copper, and somf’stimes for the iron in cupriferous 
pyrite, the amount paid for the sulphur thus consumed as fuel makes their actual fuel 
(’ost equivalent to American practice, although it is not so published.^ The temper- 
ature is nev<‘r allowed to exceed llOO^F., or Below this temperature there is 

no loss of copper by volatilization. 

The l(‘aching vats are made of wood. C-oncrete, glazed tile, and acidproof brick 
have been used for lining vats in the United States, but operation over a period of 
years has jiroved that wood is as satisfactory material as any other. In Europe, 
reinforced concr(*te is used. CJonnecting pipes or launders arc made of wood, and 
solution.s are usually lifted by air-lift pumps, although in Europe wooden centrifugal 
punqis have proved satisfactory after long service. The filters are }>uilt of strips of 
wood in the form of lattice work. These are covered with prairie grass or similar 
material, and on top of this is placed several inchec of wet leached cinder. 

In American practice, th<^ hot ore from the roasting furnaces is dumped directly 
into the vats. Some plants in Scandinavia experienctul considerable trouble with 
hard lumps forming in the chloridized ore, due to the formation of anhydrous sodium 
sulphate. Ramfui overcame this difliciiliy by designing a “preleaching machine, 
in which a thin layer of the hot chloridized ore from the roasting furnaces is evenly 
vS{)rayed with sufficient water to permit the crystallization of the sodium sulphate, and 
the moistened ore then remains in a pulverulent condition. This machine runs con- 
t iriuously, and the preleached ore is conveyed to storage bins, where it is picked up by a 
grab bucket and placed in the leaching vats. Considerable steam is generated by this 
o])(‘ration, which is coiidenscid and furnishes hot water for leaching. 

The gases from the chloridizing roasting furnaces pass through scrubbing towers, 
^'hese are built of wood on a brick or concrete base. They are loosely filled with any 
material and sprayed with water at the top. They prevent the noxious gases 

’ f-oincident with this development may be mentioned a modified construction of the Wedge furnace 
uit ogenouH blende roasting. It is 26 ft, in diameter and has eight heertlis. TheessentiaJ fea ure 
furnace is the arrangement for by-passing the roasted ore between the severs cart s m or ^ ^ 
a desired distribution of the ore, preheated in the upper part of the furnace, among the lower 
' tion chambers. Ingalls, W. R., Mininff December. 1922. 
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from escaping into the atmosphere and becoming a nuisance; they also condense and 
recover the acid fumes. The hot acid water from these towers is used for lee^ching 
purposes. In the Rarn^nia process the acidity of this water is kept at 15 to 24 g. 
of HCl per liter, which ensures the extraction of all soluble copper. 

The leaching vats can be made any size, but usually hold about 100 tons. The 
ore bed is 3 to 4 ft. deep. By utilizing the hot ore, hot acid water from the scrubbing 
towers, and hot water from other sources mentioned, all leaching is done with hot 
solutions which average between 30 and 40° C. on leaving the vats and contain about 
25 g. of copper per liter. 

In Europe, the time of leaching ranges from 35 to 45 hr. under the ordinary sys- 
tern, but by using a preleaching’’ machine this is reduced to about 24 hr. In 
America, where the copper extraction is usually made by the acid makers,\the acid 
roasting furnaces are better controlled and the cinder is in better physical ebndition 
for chloridizing roasting. Under these favorable conditions leaching can fee (com- 
pleted in less than 10 hr. in the ordinary manner, and even with unfavorably condi- 
tions the time seldom exceeds 24 to 36 hr. After washing, the cinder is renn^ved from 
the vats by grab buckets, or by other means, depending on local conditions. Ibe 
copper remaining in the leached cinder Ls not over 0.1 per cent and is usually less 
than that. ThLs gives an average extraction of about 97 per cent. 

The copper is recovered from solution by pr(»cipitation on scrap iron. This is 
done in the usual “boxes” or laiindiTs, which yield a precipitate containing about 
70 per cent copper, or in “tumbling barrels” or drums which yield a precipitate con- 
taining 85 to 90 per cent copper. The advantage of the revolving drum is that the 
precipitation is done quickly by agitation, and the iron is kept clean, so there are no 
basic iron salts formed to contaminate the copper prc'cipitate. 

The leached cinder is known as purple ore, or “blue billy.” If the original pyrites 
was commercially pure, the purple ore contains 55 to 68 per cent Fe, and not over 
0.01 per cent P, 0.2 p(^r cent S, and 0.1 per cent (\i. In 1891, Bird, of England, dis- 
covered that this material could be pressc'd and burnt into strong briquette's without 
any binder. This idea was developed commercially for 6no iron ores, first by Ander- 
son in America in 1888, and later by (Ircindal in Sweden in 1896. The purple ore i.s 
pressed by slow compression into briquettes and heatt'd in tunnel furnaces to a tem- 
perature of 1450°C. At this t(*inperature practically all th(* sulphur is nmioved and 
the briquette is sintered. In this condition it makes a devsirabh* iron ore, wliich 
assures a saving of 8 per cent coke in the blast furnace and freq\iently incn'asi'S th(' 
capacity 30 per cent compared with ordinary iron ore. It is extensively used in 
Europe and Japan. 

Under the circumstances it is difficult to arrive at the actual average cost of 
producing copper by this proce.ss, since the rec*overy of copper is only one of thn^c 
phases in the treatment of the original pyrite. In America, the copp(‘r-recovery plant 
is an adjunct to the acid plant. The purple ore is nodtilized and sold to the inui 
smelters. The profits derived from the copper and iron may be deducted from the 
cost of acid making. In Europe, the cupriferous cinder is bought from the acid maker, 
and the recovery of the copper is expec.U'd to pay all the expenses of producing a 
desirable iron-ore briquette, whi<!h is sold to the iron smelter. A disadvantage' of 
copper recovery by leaching or(;s that have been given a chloridizing roast is that dx* 
spent solutions are highly corrosive and are destructive to fish. A technically 
cessful plant at Garwood, N. J., operating on pj^ite cinder, had to shut down 
of contamination of the stream into wdiieh its solutions flowed. 

Brine Leaching of Zinc Ore. — Cffiloridizing roasting and water or brine 1< j j^ 
ing, as described for copper ore, liave been successfully applied to zineffi'? ^ 
cinder within the last few years for the purpose of extracting zinc in solutiori 
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the manufacture of lithopone.' The treatment of zmc ores Will be further dis^ 
cussed under dry chlorine-gas processes. 

Hyposulphite Leaching of Silver Ore8.-~Hyposulphite (sodium thiosulphate) 
leaching came rapidly into favor in the United States after 1885; it was already 
well established in Mexico. It reached the zenith of its popularity between 1886 
and 1893 and was practically abandoned as a metallurgical procss at the end of 
that period, owing to the demonetization of silver in the United States and the 
general closing down of silver mines. The process is still used to a limited extent 
in South America and Mexico. 

Chloridizing roasting necessarily precedes the leaching, and the chloridized ore is 
washed with water to remove the base-metal chlorides before applying the hyposul- 
phite solution. This process is, therefore, closely related to brine leaching. It is 
essentially a proc(Jss for silver ores, and the base metals are considered a nuisance. 
Silver is recovered as a sulplvide from the hyposulphite solution by precipitating with 
sodium sulphide and the hyposulphite is thereby regenerated. 

When the chloridization of the silver is low, because of inefficient roasting, the 
extraction is low. Zinc sulphide acts in an iinexpectc^d manner. At the Holden 
Lixiviation Works in Aspen, (’olo., the ores carried about 2 per cent zinc, and a zinci- 
ferous pyrite was used as a source of sulphur. The short period of roasting in the 
Htetef<‘ldt furnace and 4 days of heap roasting on the cooling floor did not oxidize 
th(^ zinc sulphide, although the chloridization of silver was satisfactory. As soon 
as the (‘hloridized ore was placed in the vats and leached with water, 20 to 40 per cent 
of the silver reverted to the sulphide, owing to precipitation by the unoxidized zinc 
sulphide in the ore.* By roasting with a clean pyrite, this difficulty was largely 
nunoved. 

These defects in hyposulphite l<*aching were overcome to some extent by E. H. 
HusselV who discovered that a little copper sulphate added to the hyposulphite solu- 
tion formed a double salt of sodium cuprous thiosulphate, having the formula 

4Na2B203.3ru2S20, + xHaO 

This salt has the power of dissolving sulphide of silver by forming sodium silver 
thiosulphate and cuprous sulphide. 

The solution thus formed is known in the Russell process as “extra" solution and 
follows the “regular" or “ordinary" hyposulphite solution in the leaching operations. 
By the use of this solution the extraction is restored to the extent of the original 
chloridization of the silver and even beyond that point. 

The three lixiviants used in the Russell process are, therefore, (1) wash water 
(brine), to remove the soluble salts; (2) “regular' 'solution of sodium thiosulphate; 
(3) “extra" solution of sodium cuprous thiosulphate. 

The ore treated by the Russell process at Aspen, Colo.,* in 1891-1893, affords a 
good example of a troiiblesome ore to treat by hyposulphite leaching. It had the 
following composition: 

Ag, 27.92 oz. per ten; Pb, 2.28; SiOs, 21.66; BaS04, 20.92; CaO, 11.00; MgO, 4.24; 
I V, 10,02; Zn, 2.85; C^u, 0.16; S, 8.10 per cent. 

* OftTMAN, op. cit., p. 421, , . . m 

® Moimn, w. S., The Effect of Washing with Water upon the Silver Chloride in Roasted Ore, Trans. 

JM.E., Vol. 25, pp. 587-594, 1895. . r b* v i lo 

“Stetbfeldt, C. a., Working of Silver Ores by the Leaching Process, Trans. 12, 

I ! • iJ91-295, 1884; “The Lixiviation of Silver Ores with Hyposulphite Solutions, with Special Reference 
* the Russell Process." New York, 1888; 2d ed„ 1893. Daouiurt, Eu.bworth, Tb- Russell 1 rocess 
^ 'ts Practical Application and Economic Results; Trans. A.LM.E., Vol. 16, pp. 362-496 .888. 

* Mors®, W. 8., The Lixiviation of Silver Ores by the Russell Process at Aspen, Colo , Trans. 

^ Vol. 25. pp. 137-146, 993-997, 1895. 
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The ore feed to the roasting furnace was crushed to pass a 30-mesh screen; this 
is common practice for hyposulphite leaching. 

The chloridization of the silver in the Stetefeldt furnace was 43,5 per cent; it 
was a little higher in the flues and dust chambers, making the average chloridiza- 
tion 52.5 per cent by the direct roasting operation. The roasted ore was piled on 
a cooling floor and allowed to remain an average of 102 hr., during which time the 
chloridization of the silver increased to 79.0 per cent. 

The respective lixiviants mentioned above extracted the percentages of silver 
given below, as calculated from the average daily assays: 

Per Cent 


Wash water (brine) 14 ./56 

llegular solution 44 .121 

' * Ex tr a ” solution 27.98 

Total extraction 86.^5 


The actual extraction during the entire period of operation, based on tpe silver 
recovered and paid for, was 94,21 per cent of the silver in the roasted ore and 85.68 
per cent of the silver in the raw ore. The volatilization and dust lessees were 9.16 
per cent of the silver, which would be fully recovered in prestmt-day practice. 

Considerable lead was dissolved by the wash water, which was precipitated with 
the silver as a sulphide by means of sodium sulphide. Tliis gave a low-grade product 
that was expensive to refine. It was found by W. 8. Morse, manager of the Aspen 
plant, that this precipitate, containing lead sulphide, co\dd be utilized as a precipitant 
for the silver in subsequent wash waters, according to the following rc'action: 

2AgCl + PbS « AgaB -f YhCh 

This raised the grade of the final product and rt‘dueed the refining cost. 

Subsequently, lead was removed from the wash wat(*r and the “ regular tjolution 
by precipitating with sodium carbonate. Lead is preferentially precipitated in this 
manner before the lime and magnesia. 

The silver sulphide precipitate from the hyposulphite solutions was eventually 
refined at the plant by dissolving in hot concentrated sulphuric acid and precipitating 
the silver in metallic condition on copper. 

Ijocal conditions sometimes dtunand a variation from standard methods. In 
Bolivia,^ where the metallurgical problem involves the treatment of silver-bearing 
tin ores, certain modifications in chloridizing roasting have been found n(»ce88ary. 
The chief gangue minerals of the ore are pyTite and quartz. The silver occurs in 
tetrahedrite, jamesonite, stibnitc, cylindrite, and other complex sulphantimonial 
minerals, which are notoriously difficult to treat by any process other than smelting. 
Most of the tin is present in the form of impure cassiterite, although it is sometimes 
present as stannite associated with the above-named nttnerals. 

At the present time the ore is crushed dry, given a chloridizing roast, and leached 
with water and hyposulphite solution or with brine to extract the gold, silver, aiul 
copper. The tailings are concentrat<»d for tin, with or without regrinding. 

The percentage of silver that can be chloridized is not directly proportional to the 
silver content of the ore. Tailings from any grade of ore will contain 5 to 9 oz., 
which cannot be extracted by any knowm commercial solvent, even though only a 
small proportion of this silver is in the form of sulphide. 

The average grade of ore treated assays about 35 oz. silver per ton. The orf h 
contain 25 to 35 per cent sulphur, most of which must be removed by prelimimuy 

i SoBMLBiK, M. G. Fm Roasting and Chloridising of Bolivian Bilver-tin Ores, Trans. A 
4, pp. 076-098. 1920. 
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roasting before adding 
necessary to utilize as in 

A peculiarity of this 
and in flue dust during 
to the loss from insoluble silver, makes the loss over 40 per^centT Stoilar but Ww 
losses occur m hand-rabbled reverberatory furnaces. These losses can be fuUy recov- 
ered by means of a Cottrell precipitator, but an analysis of this product indicates that 
the losses are due largely to antimony, and no satisfactory process has been developed 
for treating it to recover the silver. 

A satisfactory furnace has been finally developed in a modified form of the Kdwards- 
Merton straight-line furnace, which has five hearths and is divided into three compart- 
ments by means of doors or dampers to control the draft. By the time the ore reaches 
the fifth or last hearth, it is ready for chloridization and the damper is closed, cutting 
off that hearth from the rest of the furnace. The necessary amount of salt is added, 
and the charge is chloridized in about 15 min. The chloridized ore is discharged 
in another 15 min. and the process repeated. This makes the operation of the furnace 
intermittent to some extent, but the volatilization and dust losses are greatly reduced. 

Only 3.3 per cent of salt is used for chloridizing, and no extraneous fuel is required. 

The chloridization of the ore is simple and quick if salt is added at the correct 
stage of the roast. 

Samples taken every 10 min. from the chloridizing hearth for an hour after the first 
15 min, show no improvement in the chloridizing by prolonging the pro<‘,e88. 

The loss of silver during roasting is 1.5 per cent. The loss as insoluble silver is 
12.2 per cent, making a total recovery of 86.3 per cent. The cost of roasting only is 
abovil 1811.12 per ton. 

Some mining companies in Bolivia have continued to use the Patera, or hyposul- 
phite leaching process, as the most economical for the treatment of their ores.^ ^‘The 
lack of local lead or copper smelters, and the high freight charges to the outside, pro- 
hibit the shipment of any but high-grade ores or products. Cheap salt, in unlimited 
amount, is available from the various closed basins of western Bolivia. Numerous 
semiactive volcanoes supply sulphur. Lime is also locally obtainable. Hence the 
Patera process, producing high-grade silver sulphides, has continued to prove an 
economical treatment for many high-sulphur ores that require little fuel to roast.^^ 

Segregation Process. — A process that does not seem to have attracted the notice 
that it should is the segregation process for the treatment of lean oxidized copper ores 
or of mixed oxides or sulphides. It was described by Maurice Rey.* It reduces the 
ore with carbon in the presence of a small amount of chlorine, ?.6., about 10 per cent 
of the amount of chlorine that would be required for a complete chloridization of the 
ore. When subjected to this combined action of chlorine and carbon, the copper is 
redacted on the carbon particles and tends to collect in small shot, owing to the fact 
ihat the speed of the chloridization reaction is greater than the speed of the carbon 
reduction. The process is particularly adaptable to highly siliceous ores. A basic 
gangue reduces the efficiency of the process. Sodium chloride can be replaced by 
magnesium chloride, cuprous chloride, cupric chloride, and calcium chloride. Potas- 
sium chloride and barium chloride are said to produce inferior results. At the Alaska 
uiine in Southern Rhodesia a sulphide was treated which required roasting, usmg 
’ i per cent of sodium chloride and 1 H per cent of finely ground coal. These reagents 
were added on the sixth hearth of the roaster, segregation occurring on the sixth and 
^f'venth hearths. The ore is protected from air during cooling. It is then crushed, 

^ Fbbron, Robubt D., Blast Roasting an Improvement Over Old Patera Process in Bolivia, Eng. 
Uiutna Jaur.-Press, Nov. 29, 1924, p. 863. , 

* Rev, Vol. 33, pp. 293-302, 1930, 


sa t for chloridizing. Fuel is expensive in Bolivia, so it is 
,uch as possible the heat developed by the desulphurising roast, 
ore IB the loss of over 30 per cent of the silver by volatilization 
desulphurizing roasting in a McDoueall fumafP 
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and the copper shot or globules are recovered by crushing and concentration, A 
month’s run on this process gave a recovery of 86.91 per cent of the contained copper. 

Miscellaneous Chloridizing Roasting Processes. — Ralph W, E. Macivor patented 
the use of solutions of magnesium chloride under pressure to leach roasted nickeliferous 
mattes early in the century ; and Adolphe Seiglc extended the idea to the use of cal- 
cium, sodium, magnesium, barium, strontium, or iron chlorides, specifying that the 
pressure must be at least 3 kg. per sq. cm. in the autoclave (1908). C. A . Brackelsberg 
agglomerated complex ores by mixing with magnesium or calcium chloride, magnesium 
sulphate, or the like, heated them to redness either in air or steam, and then treated 
them with hydrochloric acid and steam at 1100 to 2200°F. Under these conditions 
he hoped to distill nickel or cobalt chlorides out of the mass, leaving copper iand iron 
behind (1913). 

While Ralph F. Mayer took out many patents for the use of chlorine,\most of 
them involved the use of such quantities of sulphur or of sulphur oxides that one feels 
as though processes were more sulphatizing operations than chloridizing. However, 
1870863 of 1932 and 1937661 were exceptions. In the first the ore was moistenVd and 
mixed with ferric chloride and heated to 250° to 550°C., while air was being introduced 
up to 70 per cent of the amount necessary to convert the nickel and cobalt to soluble 
chlorides. In the second, which is intended particularly to treat Cuban laterites, the 
ore is reduced at 400 to 700°C., treated with chlorine gas at 150 to 300°C., and then 
with oxygen to convert the FeCU to FcaO^. Nickel, cobalt, and copper are supposed 
to remain soluble. 

E. H. Brown and S. J. Broderick reduced Cuban ore with hydrogen at 600 to 
700°C., then admitted chlorine at 200° or less, which is supposed to chloridize the 
nickel and cobalt but not the iron. If the temperature is raised to 300°(^ while the 
chlorine is being admitted, ferrous chloride is supposed to dLstill off, leaving nickel, 
cobalt, chromium, etc. (U.S. patent 2067874). (See also p. 547.) 

CHLORIDE VOLATILIZATION PROCESSES 

Pohl€-Croasdale Volatillzatioii Process.' — Pohl4 and Croasdale discovered, by 
raising the temperature of chloridizing roasting to 1050°C\, that gold, silver, copper, 
and load can be commercially volatilized as chlorides from their ores and the metals 
recovered from the fumes. By charging the ore, salt, and sulphur mixture as quickly 
as possible into the hot zone of the furnace, volatilization begins at about 750°C. and 
is completed within 30 to 60 min. The roasting atmosphere must be kept highly 
oxidizing. The process is continuous, and the ore is commercially devoid of value 
as it discharges from the furnace. 

The furnace used for this process was a regular cement kiln, 100 to 1 25 ft. in length, 
fired in the usual manner. 

The chemical reactions involved are the same as those given for chloridizing roast- 
ing in the preceding section. There should be a strict adherence to the proportions 
there stated. The ore and salt are crushed to pass a 20-me8h or 0.75-mm. screen. 

The process is theoretically applicable to all ores in which the metals do not occur 
in native or metallic condition, regardless of the gangue constituents. Basic orcfci 
are preferable because they do not fuse or sinter at the temperature of the roast. 
Siliceous ores work almost as well. Neutral ores are leas^ desirable when the acid 
and base gangue constituents are in such proportions as to form a fusible combination 
with the salt at the furnace temperature. In such cases calcium chloride may be used 
in place of common salt, or lime may be added to the charge in sufficient quantity 
to raise the fusion point. 

> CaoASOALa, Stuart, Volatilisation of Metals as Chlorides, Eng. Mining Jour., Aug. 29, 1903, 
812-814; V. 8. patent 741712. Oct. 20. 1903. 



CHLORINE METALLURGICAL PROCESSES 645 

Common salt is the usual source of chlorine on account of its cheapness, but in 
some instances it has been found desirable to use calcium chloride wholly or in com- 
bination with the salt. Sulphur is usually a necessary constituent of the charge, 
although with some ores the silica or carbonic acid seems to take its place in the 
chemical reactions. 

Gold is easily volatilized, but in what form was never definitely determined. 
It was generally supposed that gold trichloride was formed at low temperatures, and 
this was decomposed into metallic gold and chlorine at temperatures below 300**C. 
If this is true, the metallic gold formed from the vapors is probably colloidal and is 
carried out of the furnace in that form with the gases. Rosei states that when gold 
is heated in chlorine at atmospheric pressure trichloride of gold is formed which 
volatilizes at all temperatures above 180°C. up to and beyond 1 100°C. Other metal- 
lurgists* thought that gold forms a double chloride with salt, or other metallic chlo- 
rides, and volatilizes in that form. The theory of a double chloride seems more 
probable. 

Silver is less easily chloridized and volatilized than any of the common metals. It 
seems to be extremely sensitive to atmospheric conditions in the furnace and may be 
affectfid by the gangue constituents in the ore.® Silver chloride melts to a thin liquid 
at about 451 before it volatilizes, which probably accounts for its sluggish volatili- 
zation. It is much more easily volatilized m the presence of other metallic chlorides, 
which would indicate that it volatilizes as a double chloride. 

Lead is the most easily volatilized of all the metals as a chloride, and the chloride 
is easily formed by chloridizing roasting. With some ores, sulphur is not necessary 
in the chloridizing of lead minerals, and some experiments^ have shown that volatil- 
ization can be accomplished more successfully without it. 

('opper is readily volatilized as cupric chloride and as cuprous chloride. Cuprous 
chloride is the more stable at high temperatures. Some oxychlorides may be formed, 
but not to any large extent. 

Zinc is volatilized according to the sulphur content of the ore. In oxidized ores, 
lead, silver, copper, and gold can be volatilized preferentially, leaving the zinc in the 
gangue for subsequent treatment. If complex sulphide ores are roasted so that the 
sulphur content is only sufficient to combine with the other base metals, these metals 
can, in a similar manner, be preferentially separated from the zinc by the volatiliza- 
tion roast, but if any excess of sulphur over the amount specified is left in the ore 
after the preliminary roast, zinc will volatilize wdth the other metals in proportion to 
the excess of sulphur present in the charge. 

Little information is available concerning the chloridizing action on the gangue 
materials. Silica acts as an acid and decomposes salt, with the liberation of chlorine 
at high temperatures. Iron chlorides are formed from the sulphides, but they 
quickly decompose to the oxide, and very little of the iron is volatilized.® Aluminum 
in not volatilized as a chloride from its oxide in an oxidizing atmosphere (see page 555). 
(Calcium and magnesium may be volatilized to some extent as chlorides,^ but they in 
i»o way interfere with the volatilization and recovery of the other metals. 

^ Rose, Sir T. li., “Metallurgy of Gold,“ pp. 61-63, London, 1915 

* Stbtefelot, op. ot*., p. 340. 

‘ U, 8. Bur, M%n 0 s BuU,2lUp.45. ^ _ 

< Varley, T«oma8, Superintendent, Utah Station, U. S. Bureau of Mines. Salt Lake City. 

‘ Hauiton, O. C.. Salt in the Metallurgy of I-*ead, Trans. A.IM.E,, Vol. 57, pp. 639-641, 1917; 
^ arlsy, Thomas, V, 8. Bur. Mines Bull 211, footnote p. 19. 

• Nickel volatilises as a chloride to a greater extent than iron, and it might bo possible to r^coyer 

' in this manner. If oxidised by a preliminary roast, nickel will remain in the gangue and it is 
» 'xHible preferentially to volatilise copper from nickel by the chloridising roast. * r v 

’ Morbb, W. 8 ., Lixiviation of Silver Ores by the Russell Process at Aspen, Colo., Tron*, 

^ ' 25, p. 997, 1895. 
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The metallic chlorides are driven from the ore in the form of vapor, and they con- 
dense as colloidal particles of fume. Each particle is surrounded with an adsorbed 
film of air or furnace gas, which prevents coag\ilation and collection by any other 
means than electrical precipitation.^ The fume particles thus enveloped will pass 
untouched through water or any form of scrubbing device. The electrical stresses 
set up in the Cottrell precipitator break up these gas envelopes and permit the coagu- 
lation and recovery of the fumes. Bag filters of textile material will make a high 
recovery, but are difficult and expensive to operate, owing to the corrosive nature of 
the fumes and gases. 

The metals are recovered from the precipitated fume by the substitution of one 
metal for another in an aqueous solution or by the electrolysis of the fuscid idilorides. 
Where the metals in the fume consist only of copper, silver, and gold, or lead, silver, 
and gold, the fumes are reduced to a bullion by heating with lime and carbon. The 
calcium-<;hloride slag can be utilized in place of salt to chloridize new ore. 

Several small plants have been operated in the United States, but tney were 
equipped with furnaces ranging from 25 to 60 ft. in length. These furnaces were too 
short to complete the volatilization when operating at commercial capacity. \A full- 
sized plant was operated by the Blaisdell Cos<‘.otitlan Syndicate,* Pachuca, Hidalgo, 
Mexico, on patio tailings. Their furnace was a kiln 125 ft. long and 8 ft. in diameter, 
lined with 9-in. concrete clinker brick. The fuel consumption was 12 gal. of 18,50C 
B.t.u. oil per dry metric ton and this without preheating the air or ore, or using any 
insulation. The recoveries were well over 90 per cent on the gold, copper, and mer- 
cury; 100 per cent on the small amount of lead; and 75 per cent on the silver, which 
was considered good on this class of material. No advantage was found by using 
calcium chloride, but 5 ptT cent of lime was necessary to rc^at'h the proper finishing 
temperature. The property was forced to cease operations on account of the low 
price of silver. 

A commercial plant was put into operation on the same line by the Western 
Metallurgical C-o. of Los Ang(‘les in 1927. It was found advantageous to add the salt 
at successive intervals during the roast, rather than all at once with the ore. By doing 
so the fusing temperature of the charge was maintained at a higher point, and the 
chloridization, consequently the volatilization of the metals, considerably increased. 
The ore was preheated to the volatilization tcimperature in a separate furnace before 
adding the salt. The salt and the liot ore were then fed into another furnace, main- 
tained at the volatilization temperature with a comparatively small amount of fuel, 
and the chloride fumes sent to the Cottrell treaters less contaminated with combustion 
gases and other inert material. Certain advantages were also found in passing the 
ore charge through the furnace concurrently with the combustion gases, instead of 
countercurrently as originally practiced, but this system was not developed com- 
mercially. The plant fell a vi(?tim to the Great Depression. 

Maier* has discovered that lead and zinc are readily and almost completely 
volatilized as chlorides when their oxides (in ores) are heated, without reducing 
agents, in a current of chlorine gas at temperatures ranging from 500 to 750‘'C. Th<' 
chlorides of both metals are volatilized and easily condensed in a relatively pure 
condition; the principal impurity is calcium chloride — and magnesium chloride would 
probably volatilize also if present in the ore. Iron and aluminum chlorides an* 
decomposed at low temperatures and do not volatilize to any appreciable extent. 

iBaucroft, W. D., ^‘Applied Colloidal Cheraiatry,” pp. 21-22, 291-300, Now York and IxjndoM, 
1921. 

* V. 5, But, Mines Bull, 211, pp. 83-84. 

» Maibr, Cbarlbs G., Possibilities of Dry Chlortiiaiion of Oxidized Zinc Materials, Bng, 

Jour, •Press (January 13, 1923), p. 51. 



CHLORINE METALLURGICAL PROCESSES 


547 


Tl^ research work has been carefully done and is suggestive of further application 
of tnc procGSS. 

Chlorine volatilization processes have been patented by Wescott (U.S. oatents 
1562786, 1898702, and 1916853) and by Hart [1826932 (reissue 18609), 2030867, and 
2030868] for the beneficiation of iron ores containing such metals as nickel, chromium, 
cobalt, and copper. The iron was to be volatilized as FeO,, which was burned to 
pure FesO, and Cl (the former being used as an iron ore, the latter used again in the 
process), leaving a residue behind containing the more valuable metals as chlorides, 
mixed with the gangue. Hart also contemplated treating such ores as the Cuban 
North Coast ores, volatilizing only a part of the iron, leaving a residue to be smelted 
to 18 and 8 stainless steel. It is believed by the editor that he did not realize how 
much chlorine remains as basic chlorides or nickel chloride under a partial volatiliza- 
tion program. The Wescott process for selective chloridization of nickel is described 
in the chapter on nickel. 


Alexander L. D. Adrian, along somewhat the same lines as Wescott and Hart, had 
previously patented a process that involved briquetting finely ground complex ores 
with sawdust and molasses, or starch and water, carbonizing in a mufflle, and then 
introducing chlorine gas at a temperature above 450®C. Iron was supposed to distill 
off as ferric chloride, leaving behind such metals as chromium, zirconium, vanadium, 
uranium, cobalt, and nickel (U.S. patent 1434485 of 1922). 

Caveat Process of Tin Recovery. — This process was worked out for the treatment 
of the ores of Pinj'ok, Thailand. These ores contain tin as cassiterite in a gangue con- 
taining considerable magnetite and iron-lime garnet. The grain size of the cassiterite 
was so small and the interfering minerals of such magnitude that both gravity con- 
centration and flotation gave indifferent results for the recovery of tin. A large 
number of chemical processes were experimented with and the so-called Caveat 
process was eventually decided upon as offering the best chance of working these ores 
profitably. 

Essentially the process was the treatment of a mixture of the ore and ferrous or 
calcium chloride under reducing conditions such that none of the iron was left as 
Fe 203 and a large part of it was reduced to FeO or Fe. Under these conditions the 
stannic oxide was reduced to stannous oxide, and in this form it reacted with the 
chlorine present to give stannous chloride and ferrous oxide or calcium oxide, depend- 
ing on which chloride was used. As a matter of scientific interest it may be noted 
that the reaction was satisfactory with barium or strontium chloride, but these were 
of course out of the question because of price. Sodium and potassium chlorides gave 
poor results. 

The optimum working temperature lay between 725 and 750“C. At too low a 
temperature, the retorts were corroded and the reaction w'as of course slow; at too 
i.igh a temperature, the reaction again became slow and there w^as grave risk of burn- 
ing out the retorts. A most ingenious furnace for continuous retorting was invented 
by A. G. MacGregor of London. 

The volatilized stannous chloride w'a^ condensed in water, this problem being 
<‘omparatively easy as the products of combustion of the fuel used in heating the 
furnace were kept separate from the volatilized chloride, which was mixed only with 
c arbon monoxide or carbon dioxide from the reduction and a negligible amount of air 
trapped by the ore, the reduction carbon, and the chloride. 

The scrubber solution ”wa8 reduced and practically neutralized with scrap iron and 
^lien electrolyzed, using a revolving steel mandrel as the cathode and boiler-plate or 
^ ast-iron anodes. The tin was deposited on the rotating nmndrol and was replaced 
ux the solution by an equivalent amount of the iron of the anode. The Pinyok ore 
* uutaius some lead, which was also volatilized as chloride. While mosv of the lead 
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deposited as a sludge in the acid scrubber solution, the solution as sent to the tank 
house was always saturated with lead chloride to the extent permitted by the tem- 
perature and the slight acidity of the solution. Practically all the tin could be 
deposited before the lead began to plate out. 

The solutions were stripped of tin after the main portion of tin had been taken 
off the cathode, the lead coming down with this last tin and producing a small amount 
of inferior metal. 

The tank-house solutions were evaporated, recovering ferrous chloride derived 
from the metal of the anode, and this chloride then went back into the process with 
more ore and reducing agent (charcoal). As a consequence, after operations were 
initiated, except if calcium chloride was used for make-up, the reactive reagent was 
ferrous chloride. A pilot plant was operated at Bromley-le-Bow near Londdn. The 
full-scale plant was just ready to run at the time of the Japanese invasion of Tmailand, 
and the plant was taken over by them in the first few days. \ 

In very recent months Ir\dng E. Muskat has taken out patents for the volatiliza- 
tion of stannic chloride from tin ores and residues in a continuous shaft furnace. He 
has a tin-ore treatment process in which he ohloridizes tin ores at such a rate as to 
make the reaction self-sustaining, using chlorine or hydrochloric acid in a refractory- 
lined shaft furnace (U.S. patent 2345210 of Mar. 28, 1944). Some reducing agent is 
necessary, such as carbon, methane, acetylene, ethane, sulphur, or a sulphide. In 
spite of the necessitj' for a reducing agent, he also finds it occasionally necessary to 
introduce air or oxygen, in which ease the reducing agent must be increased. The 
presence of air renders selective chlorination possible, particularly as it inhibits the 
formation of iron chlorides. 

Other uses of the chlorine radical in the tin metallurgy are of course old. The 
late J. W. Richards for some time ran a plant for detinning the ordinary tin plate, 
using hydrochloric acid as the detinning agent and producing a tin chloride that was 
sold. This plant was eventually forced out of business by the rise of the electrolytic 
detinning process using a caustic soda electrolyte. In turn the use of chlorine for 
detinning came back in the Goldschmidt process where steel scrap was detinned by 
gaseous chlorine (page 554). 

Continuous Chromite Chloridization. — It is claimed that it is possible to chloridize 
chromite continuously, distilling off the chromium from the iron (Irving K. Muskat, 
U. S. patent 2325192 of July 27, 1943). A reducing agent is mixed with theorem a 
refractory-lined container, using chlorine not in excess of the theoretical amount tc 
chloridize the chromium and the iron to the “ic’^ condition. The chromium chloride 
distills off and is condensed after adding an excess of chlorine to the gas being drawTi 
off from the reactor. 

The use of sulphur dichloride, SCI 2 , as a chloridizing agent, with sulphur tetrachlor 
ide, sell, as a welcome impurity, has been advocated by L. G. Jenness (U.S. patenU 
1834622 of 1931; 1863999 of 1932; 1923094 of 1933), parii(iularly in combination with 
free chlorine. The so-called nionochloride (S^CU) he finds inert, which bears out the 
earlier experience of Dr. E. W. Wescott, who used (or S 2 CJ 4 , as it more probably 
is) to chloridize pyrrhotite for the production of ferric chloride and eJemental sulphur. 
This latter process, however, lies out of the field of nonferrous metallurgy. 

Sulphur dichloride is prepared by passing chlorine through or over sulphur f>r 
sulphur chloride at 25 to 60‘^G. Above 60''C. the product is contaminated witli 
sulphur monochloride, this undesirable feature increasing as the temperate approaches 
100®C, Jenness conducts his operations by working at increasing temperatuit^> 
thereby volatilizing one chloride after another. He believes that when he works on 
oxidized ores, much of the volatilized product consists of double chlorides, * (/*> 
4TaCU.3SCla, Tia 4 .SCi 2 , 2CbCU.SCl2, VOCla.SCl,, and that such chlorides ^ rc 
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distinctly Wer in their ^ktiUsing points than are the corresponding chlorides, such 
as TaCU, CbCl,, etc. The double chlorides he also says are most of them soluble 
without change m water, while the single chlorides hydrolyze. The double chloride 
of tin is an exception, as it rapidly decomposes even in cold water. 

Oxide Volatilization.— Corollary to chloride volatilization is the oxide volatiliza- 
tion process, developed by the Chief Consolidated Mining Co.,i at Eureka, Utah. 
Ores from this mine vary from entirely oxidized ores to ores showing only slight 
oxidization, and from nearly self-fiuxing ores to highly infusible ores. The average 
ore has approximately the following composition: Au, 0.055 oz. per ton; Ag, 25.2 02 . 
per ton; Pb, 6.0; Zn, 4.6; Fe, 7.0; insoluble,’^ 63.8; S, 4.8; and CaO, 2.6 per cent. 
Smelting and freight charges were high, so the company began its metallurgical 
research in 1916 to develop a method of ore treatment at the mine, principally along 
the lines of mechanical concentration and chloride volatilization. This work resulted 
in the construction of a concentration and volatilization plant, designed to treat 250 
tons of ore per day; the plant was started in May, 1925, but was scrapped in 1932, 
due to low metal prices. 

All the sulphide minerals and some of the lead carbonate are recovered by gravity 
(oncentration and flotation; this likewise removes all the (iasily fusible or slag-form- 
ing constituents from the gangue. The tailings from the concentrating plant carry 
0.035 oz. Au per ton ; 1 1 .4 oz. Ag per ton; and 4.7 per cent Pb. These tailings are fil- 
tered and then dried by the hot gases from the volatilization furnace in a Ruggles- 
(^olcs rotary dru*r, 7.5 ft. in diameter and 60 it. long. An indirect-heat type of drier 
is used to avoid (contamination of the fume-bearing gas. 

The dried tailings go dinxet to the volatilization furnace, w’hich is the regular 
cement kiln type, 10 ft. in diameter and 80 ft. long, and is fired vrith pulverized coal. 
Volatilization experiments were started by using 10 per cent salt, but this produced 
a fusible slag at temperatures Ixdow the point at which a satisfactory volatilization of 
the silver could be obtained. Reduction of the percentage of salt permitted the rais- 
ing of roasting temperatures which thereby increased the volatilization and recovery 
of the silver, until, finally, the use of salt or other chlorides was discontinued entirely 
and the furnace tcimperature was raised to 1400°C., at which point the gold, silver, and 
lead are almost comphdely volatilized. These results have been duplicated in prac- 
tice', and the elimination of chlorine permits the use of bags for the recovery of the 
volatilizi^d fume. The. calcines discharging from the volatilizing furnace carry only 
trace Au ; 1.2 oz. Ag per ton ; and 0.2 per cent Pb, thereby showing a recovery of nearly 
100 per cent of the gold, 90 per cent of the silver, and over 95 per cent of the lead, 
since the rc(*overy of fume by means of the baghouse is practically complete. The 
rccovennl fume assays 0.3 oz. Au per tun; 64.0 oz. Ag per ton; and 27.8 per cent Pb* 
The capacity of this furnace is 7 tons of tailings per hour, and the consumption of 
coai is about 30 per cent ot the furnace feed. The tailings go to the volatilizing fur- 
na^*.e without regrinding and will all pass a 2G-mesh or 0.75-mm. screen. 

Two curious analogies have developed between chloride and oxide volatilization: 
(Ij Accretions of ore occur in the preheating zone of the volatilizing furnace, up to a 
temperature of about IKKl'^C., in spite of the fact that no salt or other chlorides are 
UNcti in. the ore feed, but at high('r temperatures these accretions do not exist. They 
not slagged accretions, such as rings in ccnu'nt kilns, b\it consist of unfused parti- 
cii's of quartz (the principal gangue), loosely bound together by a slight fusmii of the 
et|j<‘r gangue constituents; they do not occur in definite rings, as in cement kilns, but 

' Tarbons, Arthitr B., Chief Con»olidated Start# Novel Reduction Plant. Eng. Min. Jow^Press 
I n, 1924), p. 582; Barbour, Pbrcy E., The New Utah-Idaho Metallurgy, Mtn Met. (August, 
e. 365; WioTOW, G. H., The Chief ConeoUdaied Volatili*ation Process and Mill, Tram. AJM.E. 
“"o ^mheT, 1986); Min. MH. (Attgust, 1925), p* 444. 
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occupy the entire preheating zone. These accretions are removed periodically by 
means of a water-cooled plow mounted on the end of a water-cooled bar, 86 ft. long, 
which has a direct-current crane motor and gears mounted on the other end; the gears 
run on a stationary steel rack mounted on each side of the bar. With this plow, longi- 
tudinal trenches can be cut through the accretions when necessary and a clean fur- 
nace maintained. The actual plowing operation requires about 20 min. (2) As 
ordinarily operated, i.e., passing the feed countercurrently with the furnace gases, 
considerable trouble was experienced with the large amount of flue dust that passed 
over with the fume and required re-treatment. The ore now is passed concurrently 
with the gases and, consequently, is fed at once into the hottest part of the furnace; 
the quick heating softens the ore so that there is almost no dusting. Thd volatiliza- 
tion is about the same, and the fume carries only about 15 per cent silica. The 
accretions occur, also, near the end of the furnace, where they can be rcmWed more 
easily. The advantage of getting the ore feed quickly into the hottest of the 
furnace was observed by Croasdale and by all subsequent investigators ot chloride 
volatilization. The Western Metallurgical Co. observed certain advantage^ in pass- 
ing the ore feed concurrently with the gases (see preceding section on chloridA volatili- 
zation). 

The Waelz process is an outstanding oxide volatilization process, but this is treated 
at length in the chapter on zinc. The methods of making zinc oxide and leaded zinc 
oxide are also oxide-volatilization processes. The Schwarz oxide-volatilization process 
demands some notice. Alfred Schwarz discovered that if a sulphide ore were ground 
to about 20 mesh wdlh about 50 per cent of powdered coal, and the product mixed 
with about % per cent of its weight of starch, glue, or other similar binder in a 1 per 
cent solution, together with about half the weight of the weight of the ore in fine cinder 
from previous runs, the mix ignited readily on a perforated grate and was porous 
enough to burn readily, with almost complete volatilization of zinc, lead, and silver. 
If the ore was a pure blende, the product (zinc oxide) was of fair color, but required 
roasting to free it from mechanically held sulphur dioxide. Before thc^ great improvt'- 
ments in flotation, the author felt the process had a field as a pyro-(*oncentration 
process, giving an almost pure lead-zinc-silver oxide product (arsenic and antimony 
of course were with the volatilized portion) and a residue containing copper and gold. 
C. A. H. de Saulles about the same time that Schwarz was working (1921) patented a 
process for feeding a mixture of ore and reducing agemt on to a bath of molten slag, 
the zinc and lead reducing, volatilizing, and then rcoxidizing above the charge, while 
all nonvolatile constituents went into the slag (U.S. patent 1712553). 

A plant is understood to be under construction in Bolivia (1943) from designs by 
U. C. Tainton, in which tin ores are to be burned with carbon and pyrite on a grate, 
the tin being lirst sulphidized and volatilized, then burned above the charge to Sn 02 
and SOj, the tin oxide being swept out and collected. The thought Ls to effect a 
pyro-concentration of the tin. 

Volatilization Processes for the Production of Aluminum Chloride and Alumiaunu 

Aluminum was first commercially produced by the Deviile process or its modificar 
tions. The process consisted of heating alumina and carbon in a retort in an almoS' 
phere of chlorine gas. Aluminum chloride volatilized and was recovered by 
condensation . In later practice, salt was added to the retort and the double ch lor id e of 
sodium and aluminum was formed and recovered in the same manner, Metnlhc 
aluminum was produced by reduction of this salt with metallic sodium. This process 
was abandoned a number of years ago as a source of aluminum, but anhydrous alumi- 
num chloride has assumed considerable importance in the petroleum industry. 

Since most of the methods for producing aluminum chloride involve the o 
chlorine gas in conjunction with volatilization, the subject will be discussed i'*ore 
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fuUy under Dry Chlorine-gas Processes (next page), 'fhere are, however, several 
methods proposed which are strictly volatilization processes. One is that of Booth 
and MarshaU,! „yhich aluminum silicate (cky or feldspar) or aluminum sulphate 
(alunite) is mixed with calcium or magnesium chloride and heated in an electric 
furnace to a temperature of 1300°C. An alkaline-earth silicate is formed and 
aluminum chloride is recovered by volatilization and condensation. 

Another method is proposed by Burgess.* He mixes aluminum carbide with an 
anhydrous chloride of an element below aluminum in the electrochemical series and 
ignites the mixture. The reaction begins at 380°C. and is exochermic. The alumi- 
num chloride volatilizes and is recovered by condensation. Lead chloride and silicon 
tetrachloride are suggested as the cheapest chloridizing agents for the aluminum 
carbide. 

Ravner and Goldschmidt-' propose using minerals of the feldspar group as a source 
of alumina, because they contain 25 to 36 per cent alumina and very little iron. 
When mixed with carbon they will react to fonn aluminum chloride in the same 
manner that pure alumina and carbon react, and at the same temperatures. 

Wolcott* proposes using oil shale, bituminous shale, and bone coal as raw materials 
for the production of aluminum chloride since the reducing agent and the aluminif- 
(Tous material are already most intimately blended and ready to react. The only 
difficulty is that the alumina and the carbon seldom exist in the proper proportions, 
l)ut, with low-grade coals, the excess of carbon is utilized as fuel for the process. This 
inat(*rial is roasted with salt, and the aluminum chloride is volatilized and recovered 
ns fume. 


WET CHLORINE-GAS PROCESSES 

The Plattner process was in constant use, since it was first proposed by Plattner 
in 1851, until about 1916. It is applicable only for the recovery of gold, and for a 
long time it was used principally for the treatment of concentrates from Iree-milling 
ores. The operations were, therefore, conducted on a small scale. The pyritic con- 
c ('ritrat(*s wore roasted ^*dead^^ in a hand reverberatory furnace and then placed in a 
vat and leached with water saturated with chlorine gas. Owing to the difficulty in 
handling chlorine gas in this manner, the vat was replaced by a lead-lined iron barrel 
having a capacity of about 1 ton of ore. Water, bleaching powder, and sulphuric 
acid were added to the ore in the barrel in such proportions as to form a thin pulp and 
to generate a slight gas pressure when the barrel was sealed and the charge agitated, 
riie chlorination of the gold was completed after the barrel had been revolved for a 
lew hours. The charge was then dumped into an open vat provided with a sand filter, 
and washed with water. The gold was precipitated by ferrous sulphate, collected, and 
melted into bullion. 

In 1894 the process was first applied to crude ores from Cripple Creek, Colo, 
riiere was no change in the process except to conduct it on a larger scale. The ore 
Was crushed to pass a 12-me8h or 1.5-mm. screen and roasted in a mechanical furnace. 
1 he lead-lined chlorination barrels were enlarged to 10 tons capacity and were pro- 
vkjf'd with perforated load filters inside. The chlorination was done under pressure 
^'hh bleaching powder and acid as before; 12 lb. of bleaching powder and 24 lb. of 
a(‘Hl were required per ton of ore. The barrels were revolved 2 or 3 hr. and then 
with the filter at the bottom. A valve was opened under the filter, and the 
lt‘a( hilijr Washing were done in the barrel. The tailings were discharged directly 

^ H. patents 1392043 to 1392046, Sept. 27, 1921, H. 8. Booth and G. G. Marshall. 

‘ ‘S. patent 1321281. Louis Burohss, Nov. 11» ^ 

patent 1302852, May 6, 1919, Ostthw Ravnbb and Victor M. Goldschmidt. 

^ patent 160769; Canadian patent 217051 ; U. S. patent pending, E. R. Wolcott. 
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from the barrel to the dump. In some instances the gold was precipitated from 
solution by filtering through charcoal. After a certain time the charcoal was burned 
and the gold-bearing ashes melted into bullion. Generally, the gold was precipitated 
by means of sulphureted hydrogen and melted into bullion by fluxing this precipitate. 
In later practice on Cripple Creek ore^s, the chlorine was generated by the electrolysis 
of salt and was absorbed by water as it passed through scrubbing towers 30 in. in 
diameter and 30 ft. high, made of ordinary glazed sewer pipe. From the towers the 
saturated solution of gas was pumped into lead-lined storage tanks and then run into 
the chlorination barrels as needed. The agitation of the charge produced sufficient 
gas pressure. The rest of the process remained the same as before. 

The treatment of Cripple Creek ores by this process continued until 1^11, when it 
was finally supplanted by the cyanide process. During its operation 2,(M6,223 tons 
of ore were treated at an average cost of $2.34 per ton. The tailings averaged 0.063 
oz. per ton, and th(i average recovery of gold was 93.23 per cent. \ 

A few chlorination plants continued to treat pyritic concentrates in California up 
to the time of the First World W^ar, but this marked the close of the chlorination 
process in the United States and it is doubtful if it will ever be revived. \lt is not 
adapted to ores containing any free basic gangue, owing to the excessive consumption 
of chlorine. It has been replaced generally by the cheaper and more adaptable 
cyanide process. 

Vanadium Ores . — Early in 1924, Dr. Saklatwalla, while research chemist for the 
Vanadium Corp. of America, developed a process for the extraction of vanadium and 
some of the rarer metals from vanadium ores by the use of chlorine gas in cold solution, 
but the ores that are being treated today are too low grade for this purpose. 

DRY CHLORINE-GAS PROCESSES 

Chlorine Production. — With the development of electrolytic processes for the 
production of caustic soda and chlorine from salt, and with modern nudhods for dry- 
ing, liquefying, and transporting chlorine in a liquid state, this element has become 
a cheap commodity available for many uses and capable of considerable develop 
ment metallurgically. The actual continuous working capacity for chlorine produc- 
tion in the United States at the present time is about 2800 tons per day, which does 
not include the chlorine made and used in the same plant. 

Malm Process for Complex Ores.^ — This process was a development of the Baker- 
Burwell process, described on page 522, for low-grade complex sulphide ores. The ore 
was crushed on the average to pass a 0.75-mm. screen. The dry ore was fed into a 
tube mill countercurrently wuth a stream of dry chlorine gas. The tube mill was 
divided into three compartments and was not lined. Xo grinding was done in the 
tube mill, but a few pebbles were added to keep the charge from forming into lumps. 
Most of the chlorination was done in the compartment at the discharge end where the 
chlorine gas entered. The central compartment waa arranged so as to be heated on 
the outside of the shell if necessary to start chemical action or to keep chemical action 
alive if the ore contains little sulphur. The temperature in the the tube mill was kept 
near 70®C., which \cas still lower than that used in the Baker-Burwell process. About 
50 per cent of the chlorination was done in the tube mill, or enough chlorine was 
admitted here to chloridize all the recoverable metals. If complete chlorination was 
attempted in the tube mill, the temperature of the charge had to be raised above the 
melting point of the free sulphur present and the charge became sticky. 

The chemical re4ictions may be simply expressed by the equation 

XS -f- Ch * XCU + S 

1 IoNXi>KA, S. A., The Dry Chlorination of Complex Orea, Mining 3cu May 27, 1216* 

7S7. 
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Very little sulphur chloride was formed, and if the charge was kept free from moisture 
no hydrochloric acid wae formed. The ore discharged from the tube miU into a multi- 
ple-hearth furnace, where the temperature was raised by direct firing but was not 
allowed to go higher than ^°C. This decomposed the iron chlorides and converted 
most of the iron mto the oxide. The chlorine liberated was absorbed by fresh sulphide 
ore, which was continually circulated on the two upper hearths of the furnace. The 
tube-mill discharge was delivered only on the four lower hearths where the chlorina- 
tion was completed. 

From the furnace, the chloridized ore was discharged into an agitator filter, where 
it was first washed with mill solution which contained the soluble metallic chlorides 
from previous charges. These were principally chlorides of iron, zinc, and copper. 
This mill solution dissolved all the metallic chlorides, except the lead chloride and 
sulphate. The mill solution was followed by a wash of steam, which cleaned the 
charge of soluble metallic chlorides with a minimum amount of water. The wash 
waters went to storage to build up new mill solution. The ore was then leached with a 
hot saturated solution of common salt which dissolved the lead salts. This solution 
was conveyed to a separate tank, where it was allowed to cool and the lead chloride 
crystallized out. The lead chloride was collected, fused, and electrolyzed for the 
recovery of lead and chlorine. The anodes were graphite and the cathodes molten 
lead, which was tapped periodically from the cell. The chlorine was returned to the 
circuit. 

When the mill solution became saturated with soluble metallic chlorides, it was 
treated with metallic lead to precipitate the gold, silver, and copper; then with zinc 
to precipitate any h^ad that may have gone into solution; and then with zinc oxide 
(obtained by roasting high-grade ore) to precipitate all the iron, manganese, and other 
imptirities. This left a commercially pure solution of zinc chloride. The precipi- 
tate was filtered off and the zinc chloride solution evaporated to a 70 per cent solution 
if the product desired vras zinc chloride; and to dryness, if the process was carried on to 
the production of metallic zinc and ^le recovery of the chlorine. (If the product is 
sold as zinc chloride, the new chlorine supply must be generated by the electrolysis of 
salt solution. If the final product is metallic zinc, the anhydrous chloride is fused and 
electrolyzed by using molten zinc as a cathode and graphite as an anode.) The zinc 
was tapped periodically and the chlorine returned to the circuit. The cells for the 
electrolysis of l)oth lead and zinc w’^ere of the same pattern. They were made of 
concrete and lined with a special fire-clay tile. They gave entire satisfaction under 
continuous operation. The evaporation of the zinc chloride solutipn, which has 
always been troublesome not only from its corrosive qualities but from its tendency 
to form basic salts, was conducted in a specially designed pan without difficxilty from 
either of these sources. 

The recovery of all metals by this process was said to average between 90 and 95 per 
cent. A pilot plant was constructed in Denver during 1924-1925 for the production 
of zinc chloride by this process. It is reported that this plant was operated continu- 
ously for several months with satisfactory metallurgical results, but no market could be 
found in that territory for the zinc chloride and the caustic soda produced; also, sonae 
<liiriculty was experienced in using the wet chlorine gas direct from the electrolytic 
colls. 

A plant using chlorine gas for the treatment of lead-zinc ores is reporbjd to have 
boi n in commercial operation at Weston Point, England, in 1924^ and for some years 

^i^cr('after. 


Hotter, j. q.. Complex Uad-Zinc Orea to Be Treated by Chlorination and Electrolyab, Bng. 
'if Jour,-Pr€99, Apr. 19, 1924, p, 646. 
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Detinning Processes. — ^These may be summed up in the Goldschmidt process,^ 
although there are several modifications and patents that are closely related. They 
are all based on the fact that dry chlorine gas will attack tin, but will not attack iron 
to any appreciable extent. Therefore, if dry chlorine gas is carried over and through 
tin scrap, the chlorine and the tin combine, with the evolution of considerable heat, 
forming tin tetrachloride, which is a heavy fuming liquid and drops off the scrap. The 
tin scrap must be absolutely dry and free from all organic substances, paper, lacquer, 
etc. It is not only necessary to remove all moisture, but also all substances that can 
produce or attract moisture in order to prevent corrosion of the iron whic^h would 
make it unmarketable. The tin scrap is compressed into bundles and placed into 
cylinders which are then closed. Chlorine gas is introduced at a pressur^ of several 
atmospheres. As the tin chloride is formed, the pressure drops. As soon as the 
pressure remains constant, the detinning is complete. Artificial cooling must be 
provided to prevent overheating. 

The chlorine and the tin chloride are removed and the iron scrap bindles are 
carefully washed and sold to open-hearth steel works. The tin tetrachloride was 
formerly sold to the silk mills for weighting silk. In a modification* of this process the 
chlorine gas is dissolved in carbon tetrachloride and th(^ tin scrap is placed in this 
solution, which dissolves the tin tetrachloride as rapidly as it is formed and is thus 
withdrawn from the scrap. In another process* the scrap is heated with sand until 
the tin becomes brittle at temperature near the melting point. The mixture is then 
tumbled in a barrel until the tin is completely removed from the iron. The sand and 
the tin a^'e screened from the scrap and are treated with dry chlorine gas in a closed 
vessel at a temperature that will volatilize and distill off the stannic chloride. A small 
plant near I-iondon used this process for a time. 

Miscellaneous Processes. — The use of chlorine to form aluminum chloride is 
noted below at length. In the chapter on magnesium, the large-scale formation of 
magnesium chloride has been described. The use of bised chloride baths for the 
production of barium, strontium, calcium, and j/thium is an important factor in their 
metallurgy. Berjdlium chloride has been used for the production of beryllium, but 
the fluoride set^ms to be more favored. 

Aluminum Chloride Processes. — Anhydrous aluminum chloride possesses 
remarkable properties as a catalyst or reagent for the treatimuit of petroleum accord- 
ing to the Friedel & Crafts reaction: (1) It converts all unsaturated compounds 
into saturated compounds by throwing out the excess of carbon in the unsaturated 
hydrocarbons. In this manner it converts unstable oils from asphalt-base petroleums 
into stable products of good odor and color similar to the paraffin-base petroleums. 
(2) By simply boiling the heavier petroleum oils with anhydrous aluminum chloride 
at atmospheric pressure, these oils are cracked and (K) to 85 per cent of the heavy oil 
is converted into low-boiling fractions, leaving a residue of coke, or, if the distillation 
is stopped at the proper time, 60 per cent of the l6*iv-boiling fractions is produced, 
leaving 20 to 25 per cent of good lubricating stock. (3) It completely desulphurizes 
the petroleum during refining. 

The value of this reagent in the petroleum industry is so pronounced that over 
700 patents have already been issued covering processes for its production, and 
practically all the oil companies at one time or another have been engaged in research 
wofk relative to its commercial application. 

» OoLDscRMiiyr, Karl. The Detinning Industry, Blectrochem. Met, Ind, (now Chem. Met- Evu 
7, pp. 79-81, Feb., 1909. 

*U. S. patent 943986, Murrat and FxRNBERaER, 1909. 

• U. S. patent 968877, C, J. E»»P, 1910. 
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Aluminum chloride is a white crystalline solid which volatilizes without fusing 
between 181 and 195 C, It is extremely hygroscopic and absorbs moisture from the 
air to form alummum oxide and hydroohloric acid. This easy decomposition seriously 
interferes with its action as a catalyzer; it also produces transportation and storage 
problems on account of the difficulty of securing suitable moisture-proof containers 

The methods proposed for the manufacture of anhydrous alummum chloride may 
he grouped under the following headings (reference to the technical paper quoted or to 
the original patents must be made for the details of these processes): (1) dry chlorine 
jras acting on aluminum metal; (2) dry hydrochloric acid gas acting on aluminum 
metal; (3) chlorine gas acting on mixtures of aluminiferous and carbonaceous mate- 
rials; (4) chlorine gas or hydrogen chloride acting on aluminum carbide; (5) chlorine 
gas acting on aluminum nitride; (6) chlorine gas and carbon disulphide vapor acting 
on aluminiferous materials; (7) chlorine compounds of carbon acting on aluminif- 
(‘rous materials; (8) chlorine compounds of sulphur or arsenic acting on aluminiferous 
materials; (9) dry lead chloride reacting with alummum metal or with alummum 
(‘arbide; (10) anhydrous calcium chloride reacting with aluminiferous materials; (11) 
aluminum chloride solutions prepared by any wet method, then evaporated and 
the crystals dehydrated. 

Th(‘ use of chlorine in refining metallic gold is described in the chapter on gold and 
silver refining. A stream of chlorine bubbled through molten aluminum is used in 
the aluminum-casting industry to keep the metal pure and to afford a protection 
against oxygen. 

Nickel and Cobalt Ore, — (lilorine has been successfully applied in the laboratory 
to the recovery of nickel and cobalt from arsenical ores.^ The Diehl process for 
treatment of nickel ores containing large amounts of magnesia and lime is interesting 
chemically, and suggestive of how basic ores may be leached. The ore, moistened 
with hydrochloric acid, is tube-milled at about SOO^F. in an atmosphere of hydro- 
chloric acid gas and then sent to a leaching tank with water. This water will take out 
practically nothing but a calcium-magnesium chloride solution, which is evapo- 
rated and treated with sulphuric acid to regenerate hydrochloric acid gas or is evapo- 
rated to hydrolyze the chlorides. The ore after leaching with water is leached again 
with hydrochloric acid, which then dissolves the nickel. 

(^uban ore treatment with hydrochloric acid for the recovery of nickel and cobalt 
was devised by W. (i. Hubler and F. R. Archibald. The ore is leached with hydro- 
chloric acid (4 to 20 per cent in strength) until the free acid is less than 7 per cent. 
The solution is then filtered off and precipitated with magnesia. Iron and aluminum 
come down first, then nickel and cobalt. The magnesium chloride solution is then 
evaporated and the chloride hydrolyzed, thus recovering the magnesia and acid. 

Electrolytic iron was produced with a chloride electrolyte for a time by the Electro- 
lytic Iron Co. of America. The iron had the advantage of being sulphur-free. The 
process used scrap iron as a base, with carbon anodes, and rotating mandrels as 
ral bodes. Pregnant ferrous chloride solution was fed into the cathode cell and ferric 
chloride solution withdrawn from tlie anode compartment, a sheet-asbestos diaphragm 
separating the two, This ferric chloride solution was then used as a solvent for the 
«crn[) iron. Some unascertained impurity was evidently picked up from it, for with 
eM electrolytes the deposit would split and the revolving pieces cut the diaphragms. 

^ l^RALUSR, op. ot/., p. S49. 



CHAPTER XVIII 


CHROMIUM 

By Enoch Perkins^ 

Physical Constants.^ — According to Becket[l], differences in piirityland in the 
elements making up the impurities in chromium have in the past resulted in dis- 
crepancies in its physical constants, but with the production of electrolytic chromium, 
more accurate figures have been possible. Constants for pure chromium\ are given 
by Becket as follows: 

Atomic weight (accurate), 52.01. 

Density, 7.1. 

Melting point, probably most accurate figure, ISSO'T. 

Boiling point (author l)(‘li(‘ve.s this figure too low), 2200°C. 

Hardness cast chromium, Mohs^ scale, 4 to 5. 

Hardness cast chromium (commercial), Brinell numlxT, 98.66% Cr, 0.02C., 130. 

Hardness cast electrolytic chromium, Brinell number (different observers), 90“1 15, 

Hardness chromium plating, Mohs^ scale, 8“9. 

Hardness chromium plating, Brinell number, 800-900. 

Specific heat between 0 and lOO^C., 0.12. 

Electrical resistivity, microhms per centimeter cube, 13. 

Linear coefficient of thermal expansion, room temperature, 8.2 X 10~*. 

Magnetic susceptibility, extremely feebhs 

Crystal structure, body-centered cubic. 

Chromite. — This mineral with a specific gravity of 4.4 and a 5.5 hardness in 
the source of all chromium products and is one of the most refractory substances 
known. The theoretical formula for chromite is FeO.Cr20», though it does not 
appear as such in nature owing to replacement of FeO with MgO or CraO* with 
AI2O3 or FciOa. (Consequently, the formula could more practically be WTitten 
(re,Mg)0.(Cr,Al,Fe)203. The extent to w^hich the various elements may replace 
one another in the mineral crystal is evident when comparing the theoretical hihI 
actual chromium-iron ratios for various chrome ores. A pure chromite would contain 
68 per cent Or 263 and 32 FeO, resulting in a chromium-iron ratio of 1.87: 1 as against 
the actual chromium-iron ratios in chrome ores, which vary from less than 1 : 1 as 
much as 4:1. 

Grades of Chrome Ore,— For the needs of industry, chrome ore is classified into 
three main categories: metallurgical, refractory, and chemical. 

Metallurgical Chrome Ore . — There are two qualities of metallurgical chrome 
those suitable for low-carbon ferrochrome and those suitable for high-carbon form- 
chrome manufacture. The manufacturers of high-carbon ferrochrome prefer an ore 
running 48 per cent (>203 or better, with a chromium-iron ratio of at leasi 3:1- 
Silica is undesirable, and some producers are relucrtant to use an ore whose coiril 
magnesia and alumina content is in excess of 25 per cent. The ore should be I.inip)? 

1 Vice-preeident, Mutual Chemical Co. of America, New York. , 

* References in thin chapter are to similarly numbered references In the Bibliography at the 
the chapter. 
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with not more than 15 per cent going through a screen. Massive ore resistant 
to attrition is very desirable. 

Chrome ore toes or concentrates may be used as part of the raw material in the 
manufacture of low-carbon ferrochrome, but if the material consists of screenings it 
is often washed m order to remove tramp wood, since carbon is undesirable in this 
process. Likewise, acid-washed chrome ore with a high carbon content is disad- 
vantageous m certain processes. The ore should run at least 48 per cent CrjOj with 
H chromium-iron ratio preferably in excess of 3: 1. 

Refractory Ore. ^The physical make-up of chrome ore for refractory use is of great 
importance. A hard massive ore is preferred, and concentrates are less desirable 
for some refractory purposes than fines secured from grinding lump. The ore should 
he uniform in (>203 content, particularly when used as lump in the maintenance of 
open-hearth furnaces in the steel industry. A high CrjOg content is less important 
than in the ease of metallurgical ores. High alumina and magnesia and low silica 
and iron contents are specified. 

Standard refra(*tory ores usually carry approximately 33 per cent Cr iOa, 30 per cent 
AI2O3, 17 per cent MgO, and 10 per cent iron, with the silica as low as 2 per cent. 

Chemical Ore . — The determining factor in classifying chrome ores for use in the 
manufacture of chromium chemicals is the cost per unit of Cr203 rather than analysis 
or physical make-up. High-grade ores which provide some unit increase in output are 
consumed in the c.heir»ic,al industry only provided the cost per unit of Cr208 is con- 
sistent with lower grade competitive ores. While ores running 48 per cent Cr203 
or better have been consumed in considerable quantities in the chemical industry, 
the most important chemical ore originates from the Transvaal, analyzing 44 per cent 
Cr203, with a chromiurn-iron ratio in the neighborhood of 1.6:1, 4 per cent silica, 
15 per cent alumina, and 9 per cent MgO. High silica is a disadvantage, as are iron 
and alumina, but t-o a lesser degret^. The ore is usually in the form of run-of-mme 
fin(‘s with only occasional lumps. 

Chromium Metal. — Ohromium metal may be produced in commercial quantities 
by tlie (loldschmidt pro(*ess, eh»ctric-furnace process, or electrolytically. The Gold- 
schmidt process is based on an aluminothermic reaction which, once under way, 
continues as exotluTniic. Ghromium is addc*d to the mix in the form of chrome-oxide 
green carrying in excess of 99 tx'r cent ( V2O3 with not more than 0.003 sulphur. The 
iH'tluction is brought about through the addition of aluminum powder, producing a 
chromium metal analyzing approximately as follows; Cr, 98 to 99 per cent; Fe, 0.3 to 
0.5; Al, 0.3 to 0.5; Si, 0.3 to 0.5; 0.05. Chromium metal is manufactured in the 

electric furnace using cither chrome ore, chromium chemicals, or a mixture thereof, 
with silicon as the reducing agent. Various grades of metal are produced, with the 
chromium content as high as 97 to 98 per cent and a maximum of 1 per cent iron and 
less than 0.20 carbon. Other grades are available carrying 87 to 90 per cent Cr, 
1.25 iron, and 9 to 11 carbon. 

Chromium metal is used in the manufacture of chromium bronzes, special alloys 
for tools, corrosion-resisting alloj’s, vacuum tubes, and certain alloys making up 
el(M‘tric resistances. 

Chromium-nickel Alloys. — Nonferrous alloys containing approximately 80 Ci’: 
20\i are used in the manufacture of resistor elements for electric ranges, electric 
alers, electric furnaces, and in other applications for resistors that must operate at 
i^iish temperatures. The alloys are resistant to corrosion and may be obtained in the 
feriri of wire strips or ribbons. . , , v 

\Vh<ire the temperature of the elements does not exceed 1700 F., nicke -c romium 
» alloys containing approximately 60 per cent nickel and 15 per cent chromium m 
' Where the temperature does not exceed 1200^F.. a nickel-chromium-iron aUoy 
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containing approximately 35 per cent nickel and 18 per cen> chromium has been 
applied. Temperature-resistance curves of the above alloys may be seen in Fig. 1. 

Hastelloy. — Hastelloy C is a nickel-tungsten-molybdenum-chromium-iron alloy, 
containing a maximum of 20 per cent Mo, 18 Cr, 6 W, 7 Fe, with the balance nickel, 
which finds use in withstanding strong acid oxidizing agents including nitric acid, 
aqueous solutions of chlorine, free chlorine, acetic, formic, and sulphurous acids. It 
also resists the oxidizing action of ferric or cupric salts. 



Fio. 1. — Temperature-resistance curve, Chromel A, showing effect of slow and rapid cooling. 


The forms of Hastelloy available include castings, rolled sheet and plate, welded 
tubing and welding rod either for oxyacetylene or electric welding. The alloy cannot 
be worked either hot or cold, hut castings arc mac^hiiiable at moderate speed. The 
characteristics of this alloy are listed below : 



Rolled and 
annealed 

Cast 

Ultimate tensile strength per sq. in 

115,000-128,000 
55,000 05,000 1 

25-50 

72,000-80,000 

Yield strength per sq. in 

45,00(V-48,000 

Per cent elongation in 2 in 

10-15 

Reduction in area 1 

11-16 

Hardmiss, Brinell, 3000 kg 

160-210 

175-215 

Impact-Izod, ft.-lb 

34-40 

1 

9-14 




Stellite. — Stellite is a cobalt-chroinium-tungHt(‘n alloy supplied in five grades. 
Stellite Alloy No. 93 is a high-chromium-cobalt f(*rrous alloy, containing chromium, 
cobalt, molybdenum, vanadium, and iron, which finds application where high cold- 
hardness is necessary and corrosion is not an importfmt factor. 

In hand-forming the Stellite may be applied by either oxyac<dylene or electric-arc 
welding. Both bare and flux-coated rods are available for oxyacetylene and arc 
welding. 

The use of hard-facing Stellite covers many varied industrial fiedds wherever vear 
is severe, such as mining, cement manufacture, automotive, aviation, excavation, 
machinery and equipment, and the iron and steel, lumber, and paper industries. 
Stellite in the form of high-speed cutting tools is employed in mass-prodnetion 
machining operations such as turning, milling, boring, and facing. 

Chromium Steels. — The addition of chromium even in small amounts to sice 
subjected to heat-treatment results in greater hardness and tensile strength 
little loss in ductility. In addition, a greater depth of hardening can be obtuiuc 
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which is taken advantage of in the manufacture of armor plate and armor-piercine 
projectiles. ^ 

High-nitrogen ferrochromium is used in the manufacture of steels containing as 
much as 20 per oerit chromium for reducing grain size and improving the physical 
properties. Chromium is also used for increasing the strength and hardness of cast 
iron. 

Chromium is introduced into chrome steels in the form of ferrochromium, 
(5hrom-X, or through the direct-reduction process. High-carbon ferrochromium’ 
is usually manufactured in a single-phase nontilting electric furnace with the elec- 
trodes submerged to as much as 2 ft. in the charge. The furnace burden consists of 
lumpy chrome ore, coal or coke, lime and fluorspar. The reaction is vigorous, most 
of the reduction occurring in the higher temperatures around the electrodes so that 
lumpy chrome ore is necessary in order to provide better heat distribution and avoid 
chimneying. 

Ihc power consumption in the manufacture of high-carbon ferrochromium is in 
the neighborhood of 3 kw.-hr. per lb. of chromium contained in the alloy, and the 
('loctrode consumption is 60 to 70 lb. per ton of alloy. Linings last 1 to 3 years with- 
out repair. Metallurgical efficiencies range between 80 and 85 per cent, so that 
approx imaticly 23-^2 tons of 48 pcir cent chrome ore is recjuired per ton of ferrochromium, 
Lhc various grades of high-carbon f(*rrochromium carry between 66 and 70 per cent 
chromium, usually 66 to 68 per cent, with the carbon varying between 4 and 6 per 
cent. In addition, other grades of high-carbon ferrochromium are available for special 
uses whore the carbon contemt runs as high as 10 per cent. 

Iligh-carbon f(‘rrochromiuin is employed in the manufacture of armor plate, 
armor-piercing proj(ictilos, gun barrels, piston rings, ball bearings, tool steels, and 
various other grades of chromium st(*el. 

A process for the manufacture of low-carbon ferrochromium which has been 
practiced in this country for many years is a two-stage procedure. In the first stage 
chrome ore, usually fines, is mixed with quartzite, lime, and carbon to produce a 
chromium silicide low in carbon. The second step consists of adding lumpy chrome 
ore to the chromium silicide as a furnace burden whereby the chrome ore is reduced 
by the silicide to produce high-grade low-carbon ferrochromium. Other methods of 
low-carbon ferro(‘hromium manufacture include a three-stage process in which a 
high-(*arbori ferrochromium is produced in the first stage and used as a raw material 
in the second stage for the production of chromium silicide. The third stage is the 
dcsiliconizing process as outlined in the above. Variations, of the process include the 
manufacture of a chromium silicide containing approximately 40 per cent silicon. 
Ohroine ore with lime is molted in the second furnace and the molten products mixed 
iti a ladle. Approximately 5000 kw.-hr. is required per ton of chromium silicide and 
1 100 kw.-hr. for melting a ton of chrome ore. Approximately 1 ton of chrome ore is 
accessary per ton of chromium silicide, and the total power required is in the neigh- 
b(»rhood of 6200 kw.-hr. per ton of ferrochromium. The electrode consumption ranges 
between 85 and 95 lb. per ton of ferrochromium. The chromium content of low- 
carbon ferrochromium ranges between 68 and 72 per cent with the carbon varying 
between 0.06 and 0.2 per cent maximum. 

bhe prbicipal use for low-carbon ferrochromium is in the manufacture of 18-8 
lew-carbon stainless steels of both the chromium and chromium-nickel types. The 
industries in which steels alloyed with low-carbon ferrochromium are utilized include 
manufacture of turbine blades, cxitlery, corrosion-resisting steels, decorative trim, 

’ l-resisting metals, and electrical resistances. 

-The materud known to the trade as Chrom-X is generally used as a 
bi i Ic addition in the manufacture of low-alloy steels and iron. Two grades are manu- 
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factured — ^high-carbon and low-carbon. In addition to their use in the ladle, some 
grades can be used in the furnace or cupola. The material consists of a mixture 
of low-grade ferrochromium produced by direct reduction of low-grade ores with 
carbon, after which the ferrochromium is crushed and blended with ferrosilicon mixed 
with sodium nitrate and pressed into briquettes which are heated to a temperature 
just above the melting point of sodium nitrate. The nitrate forms a bond between 
particles and later supplies the oxygen for oxidation of the silicon and part of the 
carbon. The oxidation reactions are said to supply sufficient ht^at to melt the ferro- 
chromium so that objections to the use of low-grade ferrochromium are thus elim- 
inated. Typical analyses of high-carbon and low-carbon Chrom-X are given below: 


High-(*arbon Cffirom-X 

l.,ow"-carbon Chrom-?^ 

Or 

46.5% 

29.0% 

7.2% 

5.6% 

11.7% 

CV 

\7.9% 

3?.0% 

0.02\0.06% 

^5% 

13.0% 

Fe 

Fe 

c 1 

C 

1 

Si 

Si 

NaNOa 

NaNOs 




Direct Reduction Process of Chromium Steel Manufacture . — An appreciable pro- 
portion of the stainless st(‘el produced in the United States is manufactured by direct 
reduction process in the electric furnace with a burden consisting of chrome oic, 
stainless steel scrap, ni(*kel scrap, carbon steel turnings or mill scale, ferrosilicon, and 
lime. 

Chromium and Stainless Steels . — There are literally hundreds of different types of 
steels containing chromium, either with or without other alloying elements, which may 
be roughly grouped into three classifications: (1) low -alloy steels containing not 
more than 4 per cent chromium, (2) low-alloy steels containing not more than 4 to 
11 per cent chromium, (3) chromium stt'cls containing over 11 per cent chromium. 

The chromium steels containing 1 to 4 per cent (ffiromium find appli(‘ation where 
exceptional strength, hardness, and resistance to abrasion are of benefit such as in the 
manufacture of ball and roller bearings, car axles, grinding balls, and small metal 
working tools. Steel containing over 10 per cent chromium finds use in the manu- 
facture of valves for internal-combustion engines, still tubes, high-temperature cherij- 
ical equipment, and other uses where resistance to oxidation at high temperatures is 
present. 

Stainless steels containing over 10 per cent chromium with or without 2H to 
25 per cent nickel and other elements in minor proportions possess, as well as an 
attractive finish, great corrosion resistance at high temperatures, high strength with 
high ductility and amenability to wielding, drawing, or stamping, and have adequate 
machining properties — all of which render these grades of chromium steel of such 
importance that in the manufacture of stainless steel approximately 50 per cent of the 
total ferrochromium production in the United States is consumed therein. 

Stainless steels find use in the aircraft industry, in the manufacture of ailerons, 
anchors, elevators, exhaust valves, struts and other structural uses, instrument parts, 
pontoons, and oil coolers, llie building industry in normal times consumes stainless 
steels in elevator cages, exposed trim on doors, window frames and decorations, safety- 
deposit boxes, lighting fixtures, name plates, kitchen plumbing, kitchen utensils, Miid 
in many other varied uses. 

The automotive industry uses stainless steel in the manufacture of carbuJ^ tor 
parts, exhaust valves, and diesed engine liners, butterfly valves, gasoline engine 
parts, vmter pumps, radiator trim, and many other items. 
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The chemical indusW consumes considerable quantities of stainless steel where 
(•orrosion conditions exist, particularly at high temperatures as in nitric acid and 
ammonia plants. The brewing, wine-making, food-packing, and canning industries 
are al^ users of stainless steel. Typical analysis of one type of stainless steel is 
given in the following: Cr, 17.5 to 20 per cent; Ni, 8 to 10; C, 0.08 to 0.20, Mn, 1.25* 
S and P, 0.03 maximum; Si, 0.75 per cent -maximum. ’ ^ 

Chromium Chemicals.— The principal chromium chemicals are sodium bichromate, 
sodium chromate, potassium bichromate, potassium chromate, and chromic acid. 

The manufacture of sodium chromate, the first stage in the production of the other 
principal chromium chemicals, is carried out by roasting a mixture of pulverized 
chrome ore, soda ash, and lime in an oxidizing atmosphere in accordance with the 
following reaction, the lime serving to avoid fusion of the mix: 

2FeCr204 -+• 4Na2C03 + ^-202 = Fe203 4- 4Na2Cr04 -f 4C02 

The calcine is leached with hot water and the liquor concentrated, from which 
the sodium chromate may be separated directly by crystallization. However, the 
solution is usually treated with H2SO4 and, after separation of the sodium sulphate so 
formed, is further concentrated to obtain bichromate of soda, which is the most 
widely used of all the chromium chemicals. 

Typical analyses of the principal chromium chemicals are given below: 

Sodium bichromate (sodium dichromate), Na2Cr207.2H20; molecular weight, 
298.05. 

Analyses 



Technical 

crystal 

Technical 

granular 

Technical 

anhydrous 

70% 

Bolution 

Na2C'rj07.2Hs0 

100. i% 

0.05% 
0.15% ' 
3 8 

100.2% 

0.05% 

0.15% 

3.8 

113.4% 1 
0.05% 
0.18% 
4.1 

70.0% 

0.25% 

0.30% 

(-hloride as C’l ! 

Sulphate as SO4 

pH at 400 g, per 1 



Sodium chromate (chromate of soda anhydrous), Na2f r04; molecular weight, 
162.00. 

Analysis (Technical Grade) 


Na2Cr04 99.0% 

Chloride as Cl 0.01% 

Sulphate as So 0.54% 

pH at 200 g. per 1 8*7 


Potassium bichromate (potassium dichromate) y K2C/r204; molecular weight, 294.21 


Analyses 



Technical 

crystal 

Technical 
! granular 

Technical 

powder 

h2Cr20i 

90.9% 

99.9% 

99.9% 

^'ti’.oride as Cl... 

0.05% 

0.05% 

0.05% 

^^*h>hate as SO4 

0.01% 

0.01% 

0.01% 

at 100 g. per 1 

3.7 

3.7 

3.7 


^ otasHium chromate (chromate of potash), K2Cr04; molecular weight, 194.20. 
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Analysis (Technical Grade) 


KiOrOi 99.8% 

Chloride as Cl 0.05% 

Sulphate as SO4 0.10% 

pH at 200 g. per 1 9.2 


Chromic acid (chromic anhydride), CrOa; molecular weight, 100.01. 


Analyses 



Technical flake, % 

Technical powder, % 

CrOa 

99.8 

/ 

99.8 

Sulphates as SO 4 

0.10 

0.10 

Insoluble 

0.01 

0.01 

1 


Uses of Chromium Chemicals . — Sodium bichromate enjoys a great variety of uses 
in a number of industries. One of the principal uses of sodium bichromate is in the 
chrome tanning of leather w^hereb}" the treatment of the hides with so(iium bichromate 


provides better wearing qualities, more flexibility, and greater resistance to heat 
and moisture than leathers treated by other methods. Sodium bichromate is also 
employed in the tanning of glove leathers and the preparation of furs. It is used 
in the textile industry as a mordant and also in the manufacture of dyes. Various 
cotton fabrics of the U. S. Army Quartermaster ('orps arc treated with sodium 
bichromate, which is also used for the processing of leggings, tents, and awnings for 
the U. S. Army. IJ. S. military uniforms and blankets are treated with bichromate, 
of soda, and dyes for producing khaki contain this chemical. 

Sodium bichromate bears a very important part in the pigment industry. Chrorru' 
oxide green manufactured from sodium bichromate is used for camouflage. Bombs, 
bomb trucks, and tractors are painted with chrome yellow. Chrome orangey, a basic 
lead chromate, is used as a corrosion inhibitor. 

Considerable quantities of sodium bichromate are consumed in producing films 
on magnesium alloys as well as in metal treatments, cleansing, pickling, n^d dip for 
brass, tin plating, and galvanizing. 

Miscellaneous uses of sodium bichromate include the manufacture of wax and 
greases as well a.s various uses in the manufacture of airplanes, machine guns, and 
75-mm. guns. Sodium bichromate is widely imed to inhibit (‘orrosion in air-condition- 
ing equipment, refrigeration brines, air washers, coolers, condenscTs, automobiles, and 
diesel-engine cooling systems. 

Sodium chromate is employed where alkaline conditions are required. It is 
used in relrigeration and automobile cooling systems as a protection against corrositm, 
and in the manufacture of pigments, textile finishes; photography, and the manu- 
facture of dyes. Rocket grenades and tracer bullets also contain this chemical. 
Wood preservatives that are used for treating wood to be painted also contain soduini 
chromate. 

Potassium bichromate may be substituted for sodium bichromate wherever the 
presence of potassium is preferred to sodium. It is the source of chrome in the mnnii- 
facture of the double salt known as zinc chromate which is being widely used as a 
priming coat and protection against corrosion on steel surfacc^s exf)Osed to the weather, 
including ships and steel stnictures. 

Miscellaneous uses of potassium bichromate include photographic chemu’as» 
manufacture of blue print paper, brake linings, aluminum rivets, refining of 
and in specialized textile and leather finishes including glazed kid and ceramic eo 0 
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Potassium chroma^ replaces sodium chromate where conditions require an anhy- 
drous nonhy^oscopic alkaline compound or the absence of sodium, particularly in 
medicinal and proprietary preparations. It is used in the manufacture of inks and 
as a chemical reagent, and m the manufacture of certain ceramic and glass colors 
owing to its ability to distribute more evenly than neutral chromate of soda. Potas- 
sium chromate is also used in the manufacture of flux and metal-coating compounds 
including welding electrodes. 

Ammonium bichromate has a place in photography, lithography, pyrotechnics, and 
the manufacture of certain oxidation and reduction catalysts. 

Chromic add is consumed principally in chromium' plating and anodizing of 
aluminum and aluminum alloys, particularly in the aircraft industry. It is also 
used in the treatment of metal surfaces including etching, coloring, decorating, and as 
a protection against corrosion. 

The mechanism of anodizing aluminum is a reverse process to that of electroplat- 
ing, since contrary to the deposit occurring on the cathode, as in the case of electro- 
plating, the film is formed at the anode and progressive oxidation of the base metal 
takes pla<!e beneath the anodic film, growing inward so that the last portion to be 
formed is next to the metal while the oldest part of the film is on the surface. This 
film is almost pure amorphous alumina. 

Chromic acid anodizing is generally carried out in steel tanks containing chromic 
acid solution of 5 to 10 per cent concentration. Heating and cooling coils are pro- 
vided to maintain the temperature of the bath at plus or minus 5°. The portion 
to be treated is cleaned in a suitable alkaline detergent or solvent degreaser before 
introduction into the anodizing tank. These parts serve as the anode and the tank 
as the cathode. A low-voltage direct current is applied at the start, being gradually 
iiKTcased to 40 volts as rapidly as possible. After reaching 40 volts, the anodizing 
is continued for 30 min., followed by a dip in hot water, after which the parts are dried. 

The film ha.s excellent (corrosion resistance and at the same time promotes a strong 
bond for zinc chromate primer. Aluminum anodized by the chromic acid process 
may be dyed with a variety of colored finisheslS], Since chromic acid is itself an 
inhibitor, it is unnecessary to remove entrapped acid in preparation of priming. As a 
result, the chromic-acid anodizing process is the only process that may be used without 
re.striction for all airplane parts made from alloys containing not more than 5 per cent 
copper, and considerable quantities of chromic acid are consumed for this purpose. 

Chromium Plating. — According to Dubpernell[101, R. Bunsenill] has often been 
•Tf'dited with the electrodeposition of chromium in 1854, with the possibility that 
Jun<>tll21 may have been successful as early as 1848. Many other prominent scien- 
tists worked on tiiis problem, but none was commercially successful in the author*s 
opinion until 1924 when Fink[13) developed and patented a practical method for 
rhrornium plating on a commercial basis. A chromium-plating industry soon devel- 
op(Hl using increasing amounts of chromic acid which amounted to a consumption of 
(XX), 000 lb. in 1937. 

(liromium plating may be divided into two general classifications: decorative and 
inilustrial, or hard, chromium plating. 

(Chromium plate in thin coatings finds widespread use as automobile trim, for 
jewelry, metal furniture, and other similar uses where its attractive blue-white color 

resistance to wear and corrosion are advantage's. 

1 hin chromium deposits are inclined to have pinpoint porosity . For this reason, 

'h'eorative chromium plating, the chromium is deposited on an underlying coating 

‘ ithor nickel or nickel and copper. This type of plating is usually carried out at 
h repi^iatures of 90 to 110®F. The thickness of the chromium plating for decorative 
P'iUM>ses is usually between 0.00001 and 0.00002 in. Thicker deposits under the usual 
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conditions for decorative plating develop strains sufficient to start hair-line cracks 
unless special precautions are taken. Thicker deposits of chromium with little or no 
cracking may be obtained at 115 to 140''F. if the current density is in the lower pan 
of the current-density range for the conditions chosen[14]. These higher tempera- 
tures are also selected for greater speed in plating in industrial applications. 

Thick coatings of chromium plating, for convenience termed hard chromium 
plating or industrial plating, have found important places in many industries. Worn 
machine parts are plated to resize them, and small tools and gauges are plated to 
increase their life and wear-resistance. Chromium-plated surfaces have an exception- 
ally low coefficient of friction. This characteristic is used to advantage in the chrom- 
ium plating of reciprocating parts such as pump rods, where the resistance ^f industrial 
chromium plating to corrosion is of additional benefit. 

Diesel-engine cylinders are chromium-plated to reduce wear and friction and to 
protect them against corrosion. Gun barrels are chromium-plated to (insure accuracy 
over long piiriods of use. Th(‘r<* are rnan.v other and varied uses wherein the hardness, 
corrosion resistance, and low coefficient of friction of hard chromium plating nave been 
made use of. \ 

The plating thickness is considerably greater than in the ease of de(iorative plating, 
and where high resistance to corrosion is sought, relatively thick deposits of at least 
several thousandths of an inch are required [10]. 

Hard plating is usually applied to a hard basis metal such as hardoiu'd steel, the 
surface of which has been trt‘at(^d by electrolytic etching in order to assure a high 
adherence of the plating to the basis metal. 

The source of chromium in the electroplating solution is chromic acid (chromic 
anhydride, CrOg) which is manufactured in the form of dark-red flakes or powd(T 
with a specific gravity of 2.70, a typical analysis of which is seen on page 562. 

The plating solution according to the inventions of Dr. C. G. Fink consists of 
chromic acid to which a catalyst acid radical has been added, usually sulphate oi 
fluorides in an amount so as to maintain the ratio (by weight) of chromic acid to the 
total catalyst acid radical as expres.sed as sulphate at about 100:1. Sulphuric acid 
and sodium sulphate arc widely U8(^d for this purpose. 

The current efficiency in chromium-plating baths usually ranges between 10 and 
13 per cent for bright plate, but owing to the ndatively high current densith^s (100 
amp. per sq. ft. and more) a rapid rate of deposition is obtained. Anodes are usualiv 
of lead or lead alloys, and plating tanks are usually acidproof brick- or lead-lined. 

Two methods of preparing the surface for decorative plating are in use: wet 
cleaning and dry cleaning. The former consists of an alkaline cleaning operation 
followed by a water rinse and an acid dip. Dry cdcjaning involves mechanical treat- 
ment of the surface to be plated and is done eitluT by buff whe<*l or by hand. ^ he 
baths contain 250 to 400 g. pc^r 1. of CrO^; 2.5 to 4 g. of sulphuric acid. 
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THE METALLURGY OF MANGANESE 

By Ernest A. Hersam^ 

Divisions of Metallurgy of Manganese. — The metallurgy of manganese becomes 
important under three separate interests of industry. Of these, the manufacture of 
manganese steel is perhaps first, being conducted on the largest scale, ana requiring 
much of the manganese ore that is mined and which is smelted to reduc^e both man- 
ganese and iron. The second branch of the metallurgy is the concentration of the 
native manganese oxides and other minerals of manganese for use in the arts or 
further metallurgical manufacture, the enriched oxide being (iommonly us(\ful as a 
coloring agent in the ceramic industry, as an agent to discharge the color imparted by 
iron in glassmaking, as a depolarizing agent in the manufacture of Leclanche and dry 
batteries, and for a wide variety of other but less important purposes. The third 
important use for manganese ore is in the preparation of chemical compounds that 
are of important service in medicine, in th(^ production of electrolytic manganes^e, 
sanitation, manufacture, and other varied interests. I'he producer of manganese ore 
is compelled to follow all these divisions of the metallurgy to se<*ure the proper market- 
ing of his product. 

Of the three divisions of the metallurgy, the first leads to the details of iron and 
steel manufacture, and is to be considered as a phase of the metallurgy of iron. The 
second, or ore dressing of manganese, whi(;h is the mechanical treatment of the ore, is 
identical with the mechanical (uirichment of many or(‘s other than manganese. In 
this division, crushing, sizing, and concentrating are adapted commonly t>o man- 
ganese oxides, which are of moderately high density, and in some cases of considerable 
magnetic permeability. Ore dressing is powerless to separate minerals bt'yond the 
state of natural purity in which the aggregates occur in nature. When, therefore, 
manganese minerals are intimately associated with earthy minerals, or with oxid(‘s 
of iron, infiltrated silica, or the carbonates of calcium or magnesium, no physical sepa- 
ration in the solid state is expected to render a satisfactory concentration possible 
Since this condition is a common one in the ore of this metal, hand sorting often i^ 
found to be the only treatment that is justified. The chemical treatment of the ore 
to purify the mineral or (‘xtract and deposit the manganese in chemical forms that 
can be employed in manufacture and trade leads to complex chemical nilationships. 
These have to be understood in a broad way to master or to (conduct practic'.ally tiu^ 
chemical treatment. The metallurgy of manganese, therefore, partly falls under 
this division. 

The Commercial Production of Metal. — The commercial production of metallic 
manganese from the ore requires reducing smelting or electrolytic deposition. The 
reduction of the oxide to metal occurs at a roasting temperature without fusion, 
but the melting to produce mcital of form suitable for most use demands costly 
smelting furnaces and presents difficulties exceeding the common ones of smelting- 
The manganese, upon smelting, is found highly volatile at the required tempcin- 
ture. A loss of 15 per cent from this cause is common experience. The mangam se 
oxide, moreover, inclines to enter the slag. 

1 Professor of Hetallarcy, University of California, Berkeley, Calif. 
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It becomes necessary, therefore, to smelt the ore at a high temperature, maintain- 
mg a strong reducmg action throughout the operation, if smelting is carried on in the 
blast furnace. Such reduction results in the reduction also of all the iron, which 
collects in the metallic product. Thus, though a high content of manganese may be 
desired, an alloy of manganese with iron is obtained. Silicon, also, becomes reduced 
along with manganese m smelting, the amount depending upon the amount present 
and upon the character of the slag. Carbon, moreover, is inseparable from the prod- 
uct under the reducing conditions, and is present in the metal to the extent of 5 to 
G per cent. For these reasons it is not possible to smelt lean manganese ores with 
economy, nor, in fact, owing to the almost universal presence of iron and silica with 
manganese in ores, is it possible to produce pure manganese by commercial smelting. 
The best that can be done commercially is to produce a high-grade ferromanganese 
by the smelting. In smelting iron ore containing manganese to produce pig iron of 3 
to 4 per cent manganese, the large amount of slag commonly occasions a heavy loss, 
carrying 3 per cent or more of manganese. This loss, together with the volatilization, 
makes it necessary to use ore of not less than some 9 per cent manganese to secure the 
recovery of this small amount of manganese in the product if desired. The produc- 
tion of a tolerably high-grade manganese product can thus be accomplished only 
by employing high-grade manganese ore and making provision in that (sase for receiv- 
ing in the metallic product the entire iron content of the ore, which must then be held 
low. The'se conditions thus render it necessary to enrich the manganese minerals 
by hand sorting, or oth(*r or(*-dressing methods if possible, before smelting. This is 
often a most unsatisfactory process, owing to the close assoedation of the manganese 
minerals with barren and harmful minerals, limiting the commercial practice to ore 
of high grade. Elect rolytie treatment will be discussed later. 

Mechanical Enrichment. — An important part of the demand for manganese 
material is for the oxide or peroxide. From these oxides numerous refined chemi- 
cal compounds of a varied nature are manufactured. In the supply of the oxides 
or cheTui(^al compounds the manganese may be recovered from the ore by chemical 
extraction and converted into the required forms by subsequent manufacture. For 
the purpose of chemical extraction a low-grade ore is sometimes used, but wherever 
mechanical enrichment direcdly permits of producing the desired final material, as, 
for example, manganese dioxide, the ore-dressing methods are greatly preferred. 
Often the manganese mineral Ls so closely associated with insoluble silicates as to 
render it practically impossible to recover it, either by ore dressing or by the processes 
of chemical extraction. Sometimes it is harmfully associated with alkaline-earth 
minerals which are soluble in the solvents for manganese. Even thus, when chemical 
extraction may be contemplated, mechanical enrichment as a preliminary step may be 
desirable. 

In many cases, moreover, ore dressing may fail to produce concentrate suited 
to chemical extraction. Ore dressing, therefore, may be preliminary to (1) smelt- 
ing to produce ferromanganese, spiegel iron, or low-mangancse pig iron; (2) lixiviation 
to produce manganese oxides or other compounds; and (3) the preparation of various 
rough coloring ingredients for use in the manufacture of construction materials, or 
component for fertilizer or other uses. For all these purposes the principles of gravity 
concentration and magnetic concentration are applied. 

The Minerals of Manganese.— Fhe most valued minerals of manganese are 
the dioxides, of which pyrolusitey Mn02, is the most important. It is a soft bluish- 
>>Iack or grayish-black mineral, 4.8 in density, containing combined water not exceed- 
‘‘^g generally 2 per cent, and containing, often, hydrous silica in combination or 
5 n tiinate association. Poliafiiie is the anhydrous v ariety of this mineral, 5. 0 in density , 
crystalline, and much harder. PHlomektney corresponding also to the formula MnOa, 
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is a grayish-black mineral, lustrous, massive, and hard, of 3.7 to 4.7 in density. It 
contains often much combined water, variable in amount, and usually also barium 
oxide, or potassium oxide, and sometimes the oxides of calcium or magnesium. 
Wad is the soft hydrous variety of the dioxide mineral. Asibolite and lampaditey and 
other minerals containing the dioxide of manganese, combined with oxides of other 
base metals, are known but are uncommon. Jlausmannitej Mn02.2Mn0, of lower 
oxygen content than the above minerals, is a firm brownish-black mineral, 6.0 in 
density. Manganite, MnO 2 .MnO.H 2 O, is a gray mineral, somewhat softer, and 
4.2 to 4.4 in density. Franklinite^ (Fe, Mn, Zn)0.(Fe, Mn)208, is hard, black, and 
6.07 to 6.22 in density. Rhodochrosile, MnCOs, is the carbonate, pink in color, and 
3.45 to 3.60 in density. Combined with iron or calcium carbonate, and Sometimes 
with magnesium or cobalt carbonates, the mineral is given the name oligonite. Rhodo- 
nite, Mn0.Si02, is the silicate, the manganese component of which sometime is partly 
replaced by iron, calcium, or zinc, and which is reddish in color and 3.4 ib 3.68 in 
density. Brauniie, 3Mn208.MnSi03, of brownish-black color and submitallic in 
luster, is 4.7 to 4.8 in density. Other silicates of manganese in combination with the 
silicates of the base metals are known but are rare. The sulphates and other native 
salts of manganese occur in nature but do not constitute working ores. 

Manganese Metal and Compounds. — Manganese is notable for the diversity 
of its chemical forms. Varying in its state of oxidation from a bivalent element to 
a heptavalent one, it ranges from a basic-combining element at the one extreme 
to a highly acid one at the other, entering in its highly oxidized state into numer- 
ous acid forms or radicals. In its lower state of oxidation it resembles magnesium 
and ferrous iron. Somewhat more highly oxidized, it resembles aluminum and 
ferric iron. Still more highly oxidized, it accjuires characteristics resembling tita- 
nium and sulphur. Finally, in the most highly oxidized forms, it resembles chlo- 
rine and other halogens. In its mineral state, and in its metallic comportment, it 
perhaps most resembles iron. The approximate similarity of its atomic weight, 
which is 55, with that of iron, which is 65.9, leads often to regarding the element 
as an equivalent in slags. The high native oxides, however, acquire a stable stage 
which iron does not attain. Many of the compounds of lower oxidation are strikingly 
similar to those of iron . In many cases these are isomorphous with those of iron, being 
inseparable by crystallization. 

Metallic Manganese. — Manganese is a reddish-gray brilliant metal melting at 
1230®C. and is harder and somewhat heavier than iron. It alloys with numerous 
metals and combines as iron does with carbon, but with greater avidity. It is attacked 
by acids with much greater energy than iron, and is dissolved rapidly by ail ordinary 
dilute acids inclusive of acetic acid, evolving hydrogen copiously and producing 
manganous salts. It is oxidized by carbon monoxide above 330®C., and its affinity 
for sulphur and for oxygen at high temperatures is utilized in the metallurgy of iron 
for the deoxidation and desulphurization of that metal: The stability of the simple 
oxide renders it impossible to reduce and smelt the metal apart from metallic impuri- 
ties, if present, and the affinity for carbon and metalloids at high temperatures 
renders it difficult to produce the metal by any pyrometallurgical means without 
contamination. 

Manganese occurs in the allotropic forms as governed by temperature in heat- 
treatment. From the ordinary temperature of the air up to approximately 742' C. 
it is in the alpha form, and from 742 to 1191°C. in the beta form. In both of these 
phases the structure is cubic. Within the beta range at a temperature between 
1067 and 1167°C. is found a discontinuity in magnetic susceptibility indicating changes 
not evident in the crystalline structure. Above the beta and at some temperature 
above the metal acquires the gamma form in which the structure is tetragonal. 



569 


THE METALLURGY OP MANGANESE 

These changes in phase become of great importance in the production and tempering 
of manganese steeL ® 

Except for electrolysis, for producing the highly pure metal, the process of Gkdd- 
schmidt, consisting of reduction by aluminum, best serves. For this reduction, a 
purified manganomanganic oxide is used as the source of the manganese, the aluminum 
powder being incorporated with oxide and raised in temperature to effect the reaction, 
sufficient aluminum being employed to produce sesquioxide of aluminum from the 
total oxygen content of the purified manganese oxide. Some 90 per cent of the metal 
may be so recovered without difficulty in a product of 96 per cent manganese free 
from carbon. Silicon, iron, and aluminum are the impurities of metal so produced, 
great difficulty being found in removing the final traces of these metals. Although 
chemically pure manganese may be produced under controlled electrolytic treatment 
from sulphates, chlorides, and other chosen electrolytes, the collection and fusion 
of the metal requires the extreme of attention to protect it from contamination with 
contacting elements of its environment. 

Numerous processes are in existence for the production of metallic manganese of 
tolerable purity freed from much of the combined impurity with which the ore is 
generally associated. By the process of J. Y. Jonesi manganese ore containing iron 
is finely ground, mixed with coal, and calcined at about 1090°C. with air excluded, 
to reduce the iron. The iron is removed, and the coked product is smelted to produce 
metallic manganese of grade according with the extent of the preliminary separation 
of the iron. Sternberg and Deutsch, as early as 1893, produced metallic manganese 
by igniting the oxide of manganese when combined with alkaline-earth oxide at a 
t(‘mperature ranging from 1000 to 1200T/. in the prestmee of carbon. Other metals, 
such as molybdenum, tungsten, and titanium, were also included in the patent. 
Oreeno and Wahl, in 1895, prepared manganese, free from iron, by leaching the ore 
with dilute sulphuric acid to remove iron, leaving the dioxide of manganese unat- 
tacked. The purified material was then ignited to produce Mn804, followed by the 
application of volatile hydrocarbons in the treatment and a final reducing treatment 
with aluminum and magnesium in crucibles. 

Ferrous Alloys. — ^Ferromanganese is the common commercial form of metallic 
manganese. In this alloy some 78 to 82 per cent manganese is present together 
with about 5 to 7 per cent carbon, and generally 0.5 to 1.0 per cent silicon with less 
than 0.03 per cent sulphur or phosphorus, the remainder being mostly iron. Humbert 
decarbonizes ferroraanganejse^ by heating to a temperature above 1700°C. in contact 
with manganese oxide, in an electric furnace, reducing the carbon content thus to 
less than 1 per cent. Spiegel iron produced by blast-furnace smelting commonly 
contains 18 to 22 per cent manganese and 5 to 6 per cent carbon together with approxi- 
mately 1 per cent silicon and small amounts of sulphur and phosphorus, the remainder 
being mostly iron. A lower-grade manganese product with iron is also produced by 
smelting iron ore when insufficient manganese is present to produce spiegel iron. 
In the production of metal of this type the tendency of the manganese to enter the 
«lag, and the required maintenance of special smelting conditions to effect the recov- 
ery of the manganese, introduce costs that commonly detract from the economy of 
rt'icovering this small proportion of manganese along with the preponderance of iron 
tliat also must be reduced. A German process effects a partial separation of man- 
f-':anese from iron occurring in ores, by reducing the mineral undcT delicately controlled 
conditions so as to produce metal from the iron oxide, leaving the manganese oxide 
unreduced. The reduced material is then smelted under conditions calculated to 

^ U. S. patents 128S422 and 1289790. 

* English patent 13177. 

“ U. 8. patent 1228925. 
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leave the state of oxidation unchanged, recovering the iron as metal, and the man- 
ganese as a rich slag suitable for the production of ferromanganese. 

Nonferrous Alloys. — Manganese, which appears as an important component of 
numerous ferroalloys, is a less common component of nonferrous alloys. The man- 
ganese-gold alloy is brittle and gray in color, becoming yellow with gold exceeding 
some 90 per cent and forgeable at this higher percentage of gold. The composition 
of manganin, a useful alloy, calls for 12 per cent manganese, 4 per cent nickel, and 
84 per cent copper. To the extent of some 2.8 per cent in brass, manganese effects 
a marked increase in the hardness and tensile strength. The introduction into 
bronze has been effected by various means as, for example, by alloying the ferro- 
manganese with phosphorus and copper, and introducing this richer allo^ into the 
mixture of the other metals. Manganese is made to alloy in small ampunt with 
copper and lead by adding the oxide with cryolite together with a reduang agent 
to the other metals in the molten state. When accompanying copper in commercially 
pure iron, manganese increases the effect of the copper, which in propen amount 
decreases the susceptibility to corrosion and decreases the red-shortness of tne metal 
that is occasioned by the influence of the copper alone. In alloy with copper alone 
it imparts useful properties which are becoming better known and utilized. With 
5 per cent of copper, or more, the quenched metal is malleable, and with 15 per cent, 
ductile, after quenching at 500°C. With 70 per cent copper the cold-rolled metal 
develops a tensile strength of 120,000 Ib. per sq. in. In these alloys of vari(»d pro- 
portions and generally of higher manganese there is a marked vibration-damping 
characteristic with influence upon magnetic susceptibility varying with tlie composi- 
tion and heat-treatment. Alloys approximating 25 per cent manganese with 20 per 
cent chromium, the remainder being iron, arc strong stainless metals adaptable to 
hard(?ning and cold-working. 

Manganese imparts very desirable qualities to magnesium alloys. The manganese 
is be.st introduced into them by the use of fluxes containing raangane.se chloride, the 
manganese being reduced from the flux by the molten magnesium. Iron is prac- 
tically insoluble in magnesium-manganese alloys, and this fact is made use of in order 
to precipitate th(? iron out of magnesium. 

Divalent Manganese Compounds. — Divalent manganese imparts a u.sual reddish 
ca.st to substances containing it. It is to be regarded perhaps as the most stable 
form in which manganese enters chemical compounds. Th(‘ divalent manganous 
salts, for example, are di.stinguished from ferrous salts by not being susceptibhi 1 o 
oxidization in acid solution by the action of the air when present. Manganous 
hydroxide^ MnH 202 , is a pink precipitate produced by adding alkali to solutions of 
manganous salts. It is insoluble in an exces.s of the alkali, but di.ssolves in ammonia, 
changing, when thus alkaline, as it would do when neutral, to the browm manganic 
hydroxide })y exposure the air. Manganous hydroxide precipitated by ammonia 
in the presence of cyanuric acid develops unstable colorless crystals of a high polarizing 
power serving for rnicrochemical recognition. Manganous oxidt^ MnO, is a greenish 
substance, obtained by calcining the carbonate or by precipitation from heated 
solutions of manganous salts. It may be obtained by the reduction of the higher 
oxides, but is with difficulty obtained free from other oxides. Manganous sulphnf^, 
MnS 04 , crystallizes with 7 molecules of w^ater, and is analogous to ferrous sulphate. 
It also crystallizes with 5 molecules of water, being then analogous to copper siil- 
phate. It crystallizes, moreover, with 4 mole<;ules in characteristic reddish crystals. 
It yields monoclinic double salts with alkaline sulphates, of such composition as 
K 2 SO 4 .MnSO 4 . 6 HaO. 

In 1894, A. R. Davis provided for the extraction of manganese in the forn 
sulphate from the oxide ore by means of ferrous sulphate, producing commerci dly 
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manganous sulphate by evaporation. By the process of C. Ellis basic manganese is 
converted to the sulphate by treatment with acid sodium sulphate. The formation 
of manganous sulphate in solution, from which the dioxide may be produced is 
usually the first step in the treatment of the ores by hydrometallurgical extraction. 
This appears under Production of Manganese Dioxide from Ores, page 573. Man^ 
ganous dithionate, MnSzOe, is formed by the action of sulphurous acid upon manganese 
dioxide in the cold. It is soluble in water and convertible into sulphate by oxidation. 
Manganous carbonate, MnCOa, is a reddish precipitate when formed by the addition of 
alkaline carbonates to manganous salts. It is less susceptible to oxidation than the 
hydrate. Manganous sulphide, MnB, forms as a flesh-colored gelatinous precipitate 
from alkaline solutions by the action of alkaline sulphides. Precipitation from mod- 
erately strong hot solutions sometimes gives the precipitate the form of a greenish-gray 
powder. The sulphide is \ ery readily attacked by the oxygen of the atmosphere or 
by any ordinary weak aedd, yielding hydrogen sulphide and the manganous salt of 
the acid. Manganese borate is precipitated from manganous solutions by borax. As 
commonly prepared, it is in the form of a brownish powder. It possesses valued cata- 
lytic properties, notable use for which is in the acceleration of the drying of vegetable 
oils, which is a process of oxidation. It thus becomes an important component of 
commercial dritTs required in the paint and varnish indusi.ry, in whic.h application it 
acts catal:^'t,ically. Manganese resinnte and manganese linoleaie are also similarly 
serviceable in this use. In preparing the resinate, a rosin soap is first made by boiling 
rosin in caustic soda, which is then poured into manganous sulphate solution, produc- 
ing a flesh-colored precipitate, which is the resinate. This is filtered, washed, and 
dri<‘d, being then soluble in hot linseed oil or in any one of a variety of organic solvents, 
such as chloroform. It is capalde of being melted, and when cooled forms a brown 
Tna.Ms that may be broken into lumps of similar solubility and suitable for handling. 
Four pounds of this material in 10 gal, of linseed oil give a quick-drying oil, leaving a 
glossy coat, or, when less is used, a pale drying oil. The linoleate is produced by boil- 
ing liusvcd oil with caiistie alkali. This soap is then added to manganous sulphate or 
chloridi', producing a brown mass which is subject to oxidation and which is readily 
soluble in hot, linseed oil. One part of this linoleate mixed with five of linseed oil 
and poured hoi into 10 gal. of oil at 250°C. produces a desirable drying oil. 

Manganic Compounds. — The manganic compounds are much less basic in action 
than the manganous. In acid solution, the salt tends to become reduced to the 
inangamnis state. While in acid solution salts remaining unreduced are subject 
to marked hydrolysis, which results in the separation of manganic hydroxide, MnOaHs, 
from solutions approaching the neutral salts. The manganic hydroxide may be 
made readily to part with its (combined water, forming a partly dehydrated hydroxide, 
uianganite, MnO.OH, or the anhydride, Mn203, both of which occur in nature as 
minerals, wherens the hydroxide does not. 

The preparation of pure manganic sulphate, Mn2(S04)8, or the chloride, MnClj, is 
rendered difficult by the tendency of the salt to hydrolyze, making it necessary, in 
l)rr*paring the sulphate, for example, from the oxide, to employ strong acid in the 
rt'fiction, and rendering it difficult to remove the foreign salts from the paste of 
sulphate except by means of nitric acid. Manganic chloride also forms in strong solu- 
bon, but is unstable when deprived of the excess of strong acid, iha fluoride and the 
pl^osphate of manganese, in this state of oxidation, are red and violet in color and 
iivdrolyze much less readily than do the other salts. These salts form double com- 
P*>unds with the alkalies, producing striking crystalline aggregates. 

Tetravalent Manganese Compounds, — ^The perhydroxide of manganese, Mn04H4, 
1^' produced by the action of strong oxidisiing agents on the alkaline or neutral hydrox- 
i''". For the purpose, chlorine, bromine, or hypochlorite may be used. It is a 
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dark-brown substance, amorphous, and reasily converted into a colloidal state. In 
this state of oxidation manganese formerly was employed extensively in the produc- 
tion of chlorine. 

Thus when the perhydroxide is treated with strong cold hydrochloric acid, it 
dissolves, giving a dark-green manganic perchloride^ MnCU. This salt hydrolyzes 
when diluted, producing again the perhydroxide, or decomposing into chlorine and 
manganous chloride upon warming. The perhydroxide, subjected to moderate 
dehydration without the presence of reducing agents, produces the partly dehydrated 
perhydroxide, MnO(OH) 2 , which becomes peroxide on further dehydration. In 
producing chlorine from these compounds, a dioxide of manganese is treated with 
hydrochloric acid to produce the tetrachloride, which, upon elevated temperature, 
liberates CI 2 and becomes manganous chloride, MnCU. The famous Weldon process 
consists in rendering this manganous chloride alkaline, with an excess of lime; in the 
presence of the excess of lime it becomes oxidized to calcium manganate, CaMnOa, 
known as “Weldon mud,*’ containing the manganese again in the tetravalWt state 
suitable for further acidification with hydrochloric acid and the further generation of 
chlorine. \ 

The peroxide of manganese^ or dioxide, Mn02, is unstable at elevated temperature 
and yields its oxygen to compounds capable of receiving it at that temperature. Thus, 
in the manufacture of glass, the peroxide discharges the green color of ferrous silicates 
by producing the less highly colored ferric silicate. Its presencie assures a high 
state of oxidation of iron in ceramic material, imparting a brown or a violet color by 
the direct coloring action of the manganese oxide itself in silicate or other combinations. 
As a decolorizer for glass, manganese material of 80 to 85 per cent dioxide is con^monly 
wanted, containing less than 1 per cent iron. Such material is used in glass' to the 
extent of some 4 to 30 lb. to the ton of sand, in many processes of manufacture. While 
a siliceous ore is permissible for application to this purpose, the prc'sence of carbonates 
is objectionable. For making glass in pits, powd(‘red ore is usc^d, while the ore in 
lump form may be used in some cases for melting larger masses. I'he dioxide is used 
direct as a drier for linseed and other drying oils in amount generally not exceeding 
0.5 per cent. In this form it meets w'ith the objection that it darkens the oil, to a 
greater extent than the sulphatt', borate, oxalate, resinale., or linoh^ate. As a dyeing 
material for cotton the chloride is used, in many cases, as it imparts a brown color to 
the cotton fiber. Much manganese dioxide is consumed in the manufacture of manga- 
nates, chiefly in the production of the permanganates. The dioxide is reported to be 
converted into a colloidal form by adding concentrated ammonia to 0.5A potassium 
permanganate solution until the color becomes deep brown, resulting in a solution 
that remains stable in the presence of alcohol of any density. 

Manganese Dioxide as a Depolarizer. — ^The peroxide of manganese as depo- 
larizer for the manufacture of galvanic cells is of great importance. The physical 
form of the peroxide influences the effectiveness in a marked way, and the presence 
of soluble metallic impurity is of great injury. The largest consumption of man- 
ganese dioxide, outside that of iron manufacture, is to make use of this action in the 
manufacture of dry cells and other galvanic-battery elements. In this use 
available oxygen, in excess of that required to constitute manganous oxide, governs 
the effectiveness and value. Freedom from metals that are electronegative to zinc, 
such as copper, nickel, cobalt, and arsenic, is especially important, copper being inost 
objectionable. Such metals cause local corrosion on the zinc of the cell. 

Caucasian pyrolusite of some 85 per cent manganese dioxide containing less thou 1 
per cent iron is commonly desired, yet ore of 70 to 80 per cent dioxide and 3 to 4 per 
cent iron is often used when suitable in other respects. Moderate hardness and » 
certain slight degree of porosity of the mineral are desired, even at the sacrifice of 1 
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highest oxygen content. Sized, crushed material is employed which is commonly 
finer than 10 to 20 mesh. In the Leclanch^ cell, a depolarizing mixture of manganese 
dioxide with graphite is often used. The artificial dioxide free from acid and contain- 
ing occluded moisture may be used with a low proportion of graphite. 

A hydrated dioxide of manganese for depolarizing purposes may be prepared 
by the oxidation of dilute acid solutions of sulphates or chlorides, or by the treatment 
of the oxide with water, glycerol, and acid. In the process of A. A. Wells, dioxide for 
battery purposes is prepared by converting the oxide ore into carbide, treating in water 
to produce manganous hydroxide, and roasting in an oxidizing atmosphere containing 
steam. By the subsequent process of Ellis and Wells, dioxide, suited to the purpose, 
is made by permitting a hypochlorite to act on a slightly acid solution of manganous 
salt at about lOO^C. A dioxide that gives a dead-black streak and is suitable as 
a depolarizer is produced under the process of Ellis,! by exposing manganous sulphate 
solution, containing not more than 10 per cent free acid, at a temperature near the 
boiling, to the action of chlorine. The precipitate is recoveri^d and washed free from 
contaminating salts. The depolarizing material of batteries has been regenerated, 
by crushing the material, extracting the soluble salts by means of ammonium chloride 
solution, and reoxidizing the residue by treatment under pressure with hypochlorous 
acid or its salts, or by chloric acid. 

In eh^ctrolysis, manganese salts incline to throw out the dioxide at the anode. 
This deposition ensues as a result of the hydrolyzation of the tetravalent manganese 
ion with a relatively complete breaking down of the hydroxide to the dioxide at the 
anode surface. The nature and the state of the cathode material influences the 
required e.m.f. in practical operation, which will be higher than 1.35 volts, the poten- 
tial gradient b<*tween the dioxide and the manganous ion. In sulphate solutions, at 
the ordinary temperature of the air, deposition of the dioxide commonly occurs under 
an e.m.f. of approximately 2, the current efficiency decreasing with increasing acidity. 
At 70 to 75^C. practically 100 per cent current efficiency is secured. The decline of 
efficioii*. y with increasing acidity does not prevail at this temperature as in the cold, 
thus p<»rmitting of the employment of 20 per cent acidity in extreme requirements. 

Production of Manganese Dioxide from Ores. — The manufacture of manga- 
nese iiioxide from ores con.sists in the extraction of the metal as a salt, held in solution 
at a low state of oxidation, and its release as dioxide by the agency of an oxidizing 
process. There are numerous processes of this type capable of operation with high 
efficiency and chemical completeness. These, however, are brought into competition 
with production from a varied supply of the native peroxide ore of a quality to permit 
the recovery by mechanical concentration of pure dioxide mineral for industrial use. 
»Sotn<3 of those chemical processes have long been known. Others have been stimu- 
lated by relatively modern interests and possibilities. 

An early and important use, that has continued to be made, of the production of 
^^‘anganese peroxide is in the regeneration of calcium manganate, which may be 
rt^garded as a combination of the peroxide of manganese with calcium oxide. This 
appears in a step of the Weldon process, which at an early time wras the only prac- 
ti(‘able process of cheaply manufacturing chlorine, already described. The Herren- 
»chmidt and Constable process consisted in applying ferrous sulphate at the ordinary 
air temperatures to manganese ore for the extraction of the metal in the form of 
iMaiiganous sulphate, recovering also cobalt in a similar form, if present, and leaving 
tbe iron in the state of ferric oxide as a residuum in the vat, thus obtaining a manganese 
^’^^lution for such precipitation as is desired. In 1884, Readman secured an English 
pat(uit for impregnating ore with a solution of ferrous chloride, heating in a suitable 
f^Jrnace to decompose the chloride, and formins the chlorides of manganese as well 

‘ U. S. patent 1289707. 
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as nickel and cobalt, if present, relatively free from iron for the precipitation of 
dioxide. 

The German patent of Nithack, issued in 1884, provided for spraying the dissolved 
chlorides extracted from ore upon hot inclined plates of fire clay in the presence of 
atmospheric oxygen, causing the relciase of hydrochloric acid and the production of an 
oxide of manganese of a lower state of oxidation than the dioxide. In 1884 an English 
patent was granted Herrenschmidt to use ferrous chloride solution as a solvent to 
extract manganese and nickel and cobalt, if present, from the finely pulverized ore, 
followed by the precipitation of the nickel and cobalt upon manganese sulphide, or 
hydrated manganese oxide, and recovery of the manganese sulphate by evaporation, 
or the oxide and hydrochloric a(*id by calcination. Further iinprovemints of the 
Herrenschmidt and Constable process, in 1885, consisted in boiling the fine manganese 
or cobalt ore with ferrous sulphate, followed bj'' decantation and oxida^on of the 
sulphate. ^ 

The Dunlop process consisted in calcining tlie native or artificial cari:)onate of 
manganese to produce oxide of manganese, attempting a high state of oxidation by the 
calcining or roasting action, elevating the tt»niperature to 300 to 400®C^, and maintain- 
ing oxidation for 30 lir. in a sp(‘cial furnace in which the material was sui)p<jrted in 
small wagons with provision for tlieir projmlsjon. jM. A. Hcychl(‘r short(*ned the 
duration of the roasting of the; Dunlop process to approxiinat(*ly 1 hr., showing that 
80 p<'r cent dioxide could b(i obtaiiu'd under the conrlitions. To destroy residual 
carbonate more effectively, Rey(diler moistened th(‘ manganese oxide or(‘ with dilute 
nitric acid, allowing it to dry b(?fore calcining, whiTtby, at 125 to 20()"(J., nitrous 
fumes escape, accounting for some 10 per cent of the total nitric acid, and mangancso 
dioxide of at least 91 J i fX'r purity is obtained. 

By the Kuhlman proc(‘ss, nitric acid is appli<‘d in the calcining of the native oxide 
or carbonate*, sufficient acid being used to convert all manganese to the form of nitrate 
before calcination. C'amp})ell and Boyd in 1893 produced manganous carbonate, 
suitable for the Dunlop proccNss, from waste* sulphate licpiors by precipitating with 
sodium carbonate solution, following by washing and drying. In the same year 
Albright and Hood used coal dust in conjunction with sulphuric acid in calcining 
manganese oxide to produce*, manganous .sulphate to be re(*overed by subsequent 
aqueous digestion. The sulphate was convertf*d to chloride by calcium chloride and 
the precipitated calcium sulphate s<*parat(‘d. The chloride was then concentrat'd 
and the manganese converted to the tetravalent form of ( alcium manganate by the 
addition of lime and the characteristic oxidation of the Weldon process. Albright and 
Hood further developed the precipitation of manganese iji the form of hydroxide from 
the sulphate solution by ammonia, recovering the excc^ss ammonia upon evaporation 
and oxidation of the precipitated hydrate. 

Chapman^s process for producing manganese dioxide consists in roasting manga- 
nese carbonate with a chloride salt. By the process ^ G. J. Heed aqueous manganese 
sulphate is heated with nitrate salts, leaving manganese dioxide in the residue. By the 
process of Dutt & Dutt, the oxide ore and alkaline hydroxide are roasted at 600 to 
750°C. in a current of air in a reverberatory furnace, producing manganate, follow ed 
by lixivating the roasted mass to remove iron as ferric hydroxide resulting from the 
reaction upon ferrites if present. The manganate solution is then decanted, evapo- 
rated, and heated in a retort to 500°C. in an atmosphere of steam, producing a result lug 
mixture of manganese dioxide and alkaline hydroxide, which is washed to reiiu>A’<* 
alkali, and dried. 

The Vadner process consists in bringing sulphurous gas from roasting sulphdc 
ores, or produced by the burning of sulphur, into contact with manganese oxide or(‘ of 
5 to 35 per cent. Ibis has been done by spraying the fine pulp into the gas. Silver 
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and base metal, such as zinc, are attacked and dissolved alonir wJ+t, +i,« ™ 
iron is pr^ipitated by finely divided calcium carboTaJ: anl^oSc 
recovered by precipitation with the Hke precipitant at a higher teniperatu^ . FtoalTy 
hme and air are u^d to precipitate the dioxide. A later improvement of the proc 
consists m le^mg the pregnant manganese solution over manganese dioxide to precipi- 
tate lead and iron and treating with chlorine to produce the dioxide of manganie. 
Zinc and lead are both recovered. The manganese produced never falls below 90 per 
cent manganese dioxide, and under the best conditions exceeds 99.5 per cent. 

The proems of Hadup and Peacock consists in digesting for 15 hr. or more the 
finely ground low-grade ore with added salts, such as ferrous sulphate, aluminum 
sulphate, or salts of potassium, that wiU contribute to the heat of reaction along 
with sulphuric acid not exceeding 55°Be. The treatment is conducted in a heat- 
insulated container at a temperature of 150°(1. 'llic action of the free sulphuric 
acid is relied upon as the source of heat. In any case the temperature is developed 
and maintained by the reaction. The digestion is followed by the extraction of the 
sulphate in water in a condition suitable for conversion to the dioxide. 

By the process of M, L. Kaplan, manganese carbonate is converted to the oxide 
by exposure to air containing nil ric. oxide at some SOOTX The decomposition product 
is recovered by heating the sulphuric acid solution containing it and which is passing 
from the oxidation chamber. The chief reaction of the oxidation is as follows: 

MnCOa + XO 2 = MnOi -f NO -f CO 2 


The lower oxide of nitrogen is eonvcTted to the higher state by the action of air. 
Provision is mad(J for the treatment of native carbonate ore, or ore containing basic 
mineral, by the action of nitric acid, removing the excess of nitric oxide by the appli- 
cation of heat and i)roducing dioxide suitable for battery purposes. 

By the sulphurous acid proe(*ss of Van Arsdale the manganese oxide ore, of 18 to 
20 per cent manganese, rediUM'd by crushing to 30 mesh, and coiitaming water sufficient 
to produce a mobile pulp, is exfiosed to the action of sulphur dioxide as contained in 
roaster gas. The ai)f)liance that has been iiaed for the absorption of the gas is the 
revolving cyliiidor of th<‘ Leaver type, with perforated disks and deflectors. Ileaction 
occurs between the aqueous solution of the gas and the manganese oxide in accordance 
with one or both of the following reactions: 

INInOs + SO 2 = lMnS04 (1) 

Mn02 "b 2 SO 2 ~ ^liife206 (2) 

the treatment is required to be conducted at an (>levated temperature, as with gases 
hot from the roasters. Ileaction without this heating results in increasing the less 
desired effect indicated by reaction (2) above, which in any case cannot be entirely 
prevented. The dithionate of manganese produced by this reaction thus accompanies 
the sulphate produced by reaction (1). The treatment consists in a continuous and 
progressive digestion of the ore, or, when preferable, an intermittent digestion o 
identical action. 

To obtain a manganese solution of high deiivsity, as, for example, .0 sp. gr., a 
progressive treatment of at least two steps is necessary, by which the depleted ore 
receives the action of the fresh gases entering, and the fresh ore imparts higher content 
the effluent solution passing from treatment. Solution of density as ow as • ®P* 
^r. may be produced by either the direct or the intermittent proc>( ure. / an ca 
of the solution resulting from the extraction of the ore is practically necessarj’-, 
^»Hver filters having been used with fair success on solutions of sp. gr., or ess. 

^0 practical way has been found to filter the stronger solution. e c ear so u 1 
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from the treatment, following filtration, is evaporated to dryness in subheated cast- 
iron pans, expelling water and sulphurous anhydride from the dithionate and yielding 
a residuum of manganese sulphate. The firm adhesion of the salt to the pans require.-^ 
mechanical removal, a chisel in an air hammer at times being required to detach the 
crusts. The dislodged and digested residue of manganese sulphate is calcined in a 
rotary kiln lined with magnesite brick, elevating the temperature at the heated end 
to 1950°F. or higher, and yielding manganese oxide, Mns04, in the form of nodules 
containing less than 0.5 per cent sulphur and of a high degree of purity. Manganese 
dioxide may be recovered from the heated solution also by electrolysis. By the 
process of E. H. Westling the economic production of manganc^so dioxide was con- 
ducted for a time at a plant of the American Mangancise Products ('o. a1| Redwood 
City, Calif., yielding manganese dioxide of a high degree of purity suited fon industrial 
use, but on account of its form it was found less satisfactory in the manufacture of 
dry-battery cells than the pure dioxide mineral. The fine ore, containin|5 dioxide 
and other oxides of manganese, was crushed to the 20-mc8h size or finer, and thence 
elevated to storage tanks for an intermittent supply at a rapid rate of discharge. 
The thickened mobile material drawn from the storage tanks eniere.d digesting vats 
of cylindrical form, provided with conical bottoms lined with acidproof brick bound 
with acidproof cement. 

The digesting vats were provided with corrosion parts and with inner cylinders of a 
form resembling those of the Pachuca tank. Sulphur dioxide, with a slight excess 
of air, produced by the combustion of sulphur tinder prtsssure in a Schutte & Koerting 
burner, was conveyed, while warm, to the vat, and allowed to react upon the charge 
producing manganese sulphate. After <ligestion with the sulphurous acid solution 
and with air as described, th<‘ manganese sulphate solution and residu(‘s were conveyed 
to a tank where a little powdered calcium carbonate was added, to neutralize the solu- 
tion and to precipitate iron and alumina, arsenic, and other impurities. This was done 
at about 50®C. under constant agitation. Following this treatment, (‘alcium nitrate 
solution was added while agitation continued, resulting in the production of manganese 
nitrate, which remained in solution, and of calcium sulpiiate as a precipitate. The 
mass, consisting of manganese nitrate solution and residual insoluble material, con- 
taining the insoluble residue of the ore, ferric hydroxide, basic iron salts, and other 
mineral matter, contained also calcium sulphate crystals which coat(‘d the particles of 
the fine slime and rendered it easy of filtration. This residue was removed by filtra- 
tion without difficulty by the ordinary Oliver filter. 

Copper, when present in the ore and taken into solution by the action of the acid, 
was precipitated completely by aluminum dust, a separate precipitation treatment for 
which, when required, was provided. The clear solution of manganese nitrate, freed 
from copper and to a large extent from its original calcium salts, was evaporated in 
open pans, where all further and final separation of caUjiura sulphate occurred, produc- 
ing crusts easy of removal. The evaporation w'as continued under pressure in vertical 
cylindrical retorts with conical bottoms provided with acidproof lining and corrosion 
parts. By this final evaporation treatment manganese nitrate decomposed, producing 
pure manganese dioxide and releasing nitric anhydride, which was recovered by means 


of scrubbing towers, in series, the first of which produced pure nitric acid of 1.38 sp. gr., 
used for the manufacture of lead nitrate. The more highly diluted acid recover('<l 
from the succeeding towers was brought to the required strength by syst/cmaiic ainl 
progressive absorption of the nitric gases. The pure product was obtained in the forin 
of an easily settled fine granular material that was readily washcKl, settled, dried, and 


recovered. 


Much has been learned in recent years through investigation of the U. S. Bureau 
of Mines to aid our inderstanding of requirements necessary for treating some of 
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large bodies of low-pade ores of m^ganese. Suet treatment is necessarUy soecific 
i„ being suited to the re^on as weU as to the variant character of manganese ores 
Sulphurous acid, along with the minimum of required sulphuric acid, appeLs to be the 
l,e3t solvent. The extmtion treatment is preceded by suitable and systematic ore 
dressing to govern the favorable fineness for processes of leaching or agitation The 
fundamental purpose m this sulphurous t>T)c of extraction is to convert the higher 
oxides of manganese to the soluble sulphate by the action of sulphur dioxide and to 
dissolve the protoxide content of the minerals, simultaneously, in sulphuric' acid in 
proper dilution, which is either added as such, or is formed from the oxidation of the 
sulphur dioxide, and to leave unattacked, so far as possible, the iron oxide and other 
undesirod components of the ore. The close association of the manganese oxide 
minerals with other components of the ores, including not only those of iron but also 
of calcium, phosphorus, silicon, aluminum, and other elements, requires the consider- 
ation, in practice, of many chemical and mechanical factors. Whatever the type of 
plant or the me<!hanical provisions for bringing the active, solvent agents into contact 
with the prepared ore, the. countercurrent principle, by which the fresh ore first meets 
the nearly depleted solvent, is best applied. There enter also matters relative to the 
effectiveness of the degree of acidity of the solution in sulphuric and sulphurous acid, 
the temperature of treatment, the comminution relative to the character of the ore, the 
content of sulphur dioxide in the impregnating gas, the mechanical activity relating 
to solvent and ore grains, the duration of treatment, the selectivity of the solvent on 
the various desir(*d and undesired minerals of the ore, the separation of tailing and of 
slime from the solution, tlu^ treatment of washings, and the avoidance of the develop- 
m(‘nt of manganes(» dilhionate, during extraction, which entails added cost in recovery 
of uiieonsurned sulphur dioxide. 

Manganese Oxide as an Interfering Mineral. — The extraction of silver, and 
in some cases of other metals, from ores in which the metal of high value is found 
in (ilos(» association with the dioxide or other oxides of manganese has been notable 
for th(‘ difficulties that have h(*en encountered. Attempts of many kinds have been 
made to separate the manganese or to render its influence otherwise negligible. 
Smelting the or(‘ meets with no interference beyond that common to iron oxidcjs, since 
manganesii in moderate proportion enters slags in the form of oxide, or silicate, as 
iron would do. When metals are to be extracted by cyanide solvent, however, the 
interference is marked. 

By the process of A. G. French, patented in 1913, manganiferous sulphide ores of 
zinc, lead, or silver are treated to recover the manganese by roasting at 700®C., 
followed by incorporating with the ore some 5 per cent of sodium bisiilphate, and wet 
grinding, followed further by leaching, in w'hich treatment sulphates of sodium, zinc, 
and manganese are extracted. The solution is subjected to electrolysis between 
anodes of lead and cathodes of zinc, at 2.6 to 4.5 volts and 200 to 300 amp. per sq. m. 
of cathode surface. The manganese content of the electrolyte is controlled to^it 
the conditions of deposition of the zinc, adding, when necessary, manganese sulphate 
produced by the action of aqueous sulphur dioxide of the furnace gases upon the 
oninganese dioxide ore, using the spent electrolyte as an aqueous carrier of ^e sulphur 
dioxide from the roaster gases and as a solvent of the manganese yielded by the ore. 

I'he Vermaes process^ for the treatment of manganese-silver ores con^sts of a 
e duction roast in the presence of a chloridizing agent at a temperature below the 
''olatilization temperature of silver chloride, followed by extraction with water and the 
^•'‘‘‘overy of the silver from the ore by cyanide. Carpenter^s process for 
‘d manganiferous silver ores consists in a chloridizing-volatilizmg roast at lOUU O , 
v( covering silver from the collected fume and by the cyanide treatmen o e resi 

‘ S. patent 1234420. 
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L, W. Austin has patented a process^ which consists in adding raw pyrite with sul- 
phuric acid to manganiferous silver ores, following by water washing and cyanidation. 
Many similar but minor expedients of varied sorts have been resorted to in the effort 
to obtain a satisfactory recovery of the prc<*-ious metal from ore of this character. 

Physical Properties of Manganese Dioxide. — The physical properties of man- 
ganese dioxide are well observed in the properties of the pure minerals which have 
been mentioned. It is, however, most difficult to obtain from any source a manga- 
nese mineral that may be said to be a dioxide of absolute purity. As a chemical 
precipitate, produced, for example, by the Westling process, the substance is a 
grayish-black powder, composed of hard and compact grains. The desired quality 
for depolarizing purposes and the existence of a colloidal form are elsewhere (explained. 
The dioxide by recent experiment is found to be slowly acted upon by hydrogen or 
hydrogen sulphide at ordinary temperature and atmospheric pressure, resulting, in 
the one case, in th(‘ formation of a lower oxide of manganese and in the otier of the 
sulphide of manganese, lly the process of (Clevenger and (Won, manganese oxide 
ores are treated to reduce the oxide to a lower state to facilitate recovering manganese 
by magnetic concentration. 

Compounds of Hexavalent Manganese. — The ht'xahydroxide of manganese is 
not known, nor is the free acid corresponding to its partial anhydride (H 2 Mn 04 ), 
which would correspond to nuinganu? a<‘id. l'h(‘ salts of this acid are known, how- 
ever, and for the alkaline elements are stable and important under certain conditions. 
These salts are stable also in a state of alkaline fusion. In alkaline solutions they 
resemble the sulphates in comportment and with them they an' in some cases iso- 
morphous. When manganic salts are rendered neutral or a(‘id, depriving th(' solution 
of negative ions to support the lowc'r radical, the manganese passc's into the heptaval- 
ent form and i)roduces the well-known p(*rmanganate, a typical salt of winch is 
permanganate of potassium, KMn 04 . In this transition from the hexavalent to the 
heptavalent form, an oxidizing action is implied, and a draft upon the action of some 
oxidizing agency is naturally made. Wh<‘ii no agent is supplied, the manganic ion, 
Mn 04 , is itself in part reduced, producing the dioxirle f MnO.O and yielding the oxygen 
required to produce permanganate. Nitric acid facilitates this reaction but does not 
amply yield the oxygen required. C-hlorine and bromine are agents naturally suited 
to the reaction. 

The prevailing color of the inanganates is grc'(‘n, while that of the pcTinanganate Is 
violet. The transition from th(; violet to the green color implies always a change in 
the state of oxidation wlum it app(*ars to follow the alteration of the acidity. The 
green or hexavalent form is highly stable at high temperatures and tends to take 
oxygen from any available source, as is the case when the dioxide is fused with alkaline 
hydrates. By its pronounced color it i.s a common cviden(‘e of thi‘ existence of man- 
ganese in fused mixtures. The alkalinity required for the existence of the mangaiiate 
state in contact with wat<;r renders the salts important chiefly as transition products in 
the production or (miployment of permanganates. 

Compounds of Heptavalent Manganese. — The ready transition of manganaies 
into salts containing the heptavalent anhydride (Mn-jO:), resulting in the forma- 
tion of permanganate, is indicative of the stability of permanganate salts under 
normal conditions, and under conditions of acidity. In tliis form the manganese 
resembles the chlorine atom, which app<»ars in corresponding combinations as pf'r- 
chlorate. Permanganic acid, itself, is stable in acid sohition. It can be prodmof 
by decomposing barium permanganate with sulphuric acid, vrhich removes the hnnuin 
as an insoluble sulphate. The attempt to isolate absolutely permanganic aci 
results in producing the anhydride (MiigOj), which is a violet-brown oily » 

1 U. B. patent 1327074. 
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liable to explosive decomposition into oxygen and manganese dioxide. The reduction 
of permanganate, when employing it as an oxidizing agent, is thus different in result 
according to the relative presence of acid or base. In acid solutions, permanganates 
leave the dioxide as a decomposition product. In alkaline solution, the prodwt is a 
manganous salt. Most substances, whether of mineral or of organic nature, that are 
conceived as being simceptible to oxidation are attacked and oxidized by permanganate 
in solutions or added to fusion mixtures. 

The alkaline manganates and permauganatos arc produced in various ways the 
principle of the treatrnent commonly being that of the oxidizing-alkaline fusion of 
manganeses oxides. The aedion is commonly conducted in kilns by allowing air to 
react upon finely ground manganese dioxide and alkali. For ample yield and best 
results it is preferable to employ potassium hydroxide in an amount equivalent to 
2.5 molecules for each molecule of the dioxide, maintaining a temperature of some 
300X\, and supplying moisture with the air. By the process of Shotdd, the perman- 
ganate is produc(‘d from the nuinganato vsolution, of 1.15 to 1.2 density, by oxidizing 
electrolysis, using porous anode compartments. 1 he Brewster process provides 
for the oxidation to pc^rmanganate by the application of chlorine to the hot solution. 
The patents of Loveluoo, Banning, and Judefind are for the production of sodium 
permanganate from sodium hydroxide by employing anodes of manganese containing 
tungsten, molybdenum, or silicon in anode compartments. James C. Adell makes 
use of th(i presence of the oxide of iron in an oxygenation treatment of alkali and man- 
ganese oxide in the presence of air. MacMillan accomplishes the reaction with the 
alkali by fine comminution of the mixture while at a temperature of 400 to 550®C. 
A patent of Me(<ormack provides for mixing manganese dioxide with an aqueous 
solution of alkaline hydroxide, and evaporating the mixture to dryness, followed by a 
moderate elevation of the temperature to produce alkaline manganatc. By the 
Vanderkleed process, sodium manganatc is produced by the fusion of manganese 
dioxide with sodium peroxide. 

Electrolytic Manganese. — Tlu^ production of electrolytic manganese has a con- 
siderable importance for war industry; for the pure material produced by this process 
enables a close control of alloys that is otherwise impossible. In general the produc- 
tion of elect rolytic^ mangancst* dc'peiids on the d(*position of metal from an electrolyte 
(tarrying 34 to 30 g. per 1. of manganese and 135 g. j)er 1. of ammonium sulphate with 
about 0.15 g. j)er 1. of sulphur dioxide.' The cathodes are made of 316 stainless 
steel, a seinimirror finish being maintained on them by buffing every 4 days. If they 
are too rough, the manganese cannot be conveniently stripped; if they are too smooth, 
the manganese is likely to fall off in the cell. The anodes are 99 per cent lead, 1 per 
cent silver, 15 X 32 X M in., drilled with as many 1% in. holes as possible, which 
;^ives a higher anode current density than cathode and minimizes the production of 
manganese dioxide by an anodic deposition. The composition of the anode itself 
a.ssists in keeping down the production of manganese dioxide. The anodes are 
surrounded by an 18-in. canvas sleeve, the lower end of which goes through a false 
hottom in the tank so that any manganese dioxide tliat is formed falls through the 
sleeve into the space between the true bottom and the false bottom of the tank. The 
^iiaphragms become clogged wdth calcium sulphate in about 4 to 6 weeks and must be 
fiisi'arded. 

The electrolyte is fed into the space between the anodes and this canvas dia- 
b^’ragm and is depleted so that in the anode compartment there is 8 to 10 g. per 1. of 
uianganobo. 

’ .UroBB, Huntisk. ei al, First Two Years of 'Operation of the Bureau of Mines Electrolytic Man- 
Pilot Plant at Boulder City, Nev., AJ.MM.E. Tech, Paper 1717, New York meeting. 
' ‘‘‘»ruary. 1944. 
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The cathode current density is 45 to 50 amp. per sq. ft. The anode density, 
because of the holes in the cathode, is 81 to 90 amp. per sq. ft. The cell voltage is, 
5.0 to 5.3. After deposition for 24 hr., the cathodes are dipped in a 1 per cent solution 
of sodium or potassium dichromate, to prevent oxidation of the manganese. They 
are then washed in a separate tank and are dried and then stripped from the cathode 
by flexing and striking with a rubber mallet. 4.1 kw.4ir. produces 1 lb. of Mn, 

The electrolyte is prepared by leaching manganese ores, in which the manganese 
has already been reduced to the bivalent stage, with spent electrolyte. Sulphuric 
acid and ammonium sulphate are added as needed to bring the composition of the 
electrolyte to the composition already given. The leach is neutralized with ammonia 
gas and freed from the barren tailings and the precipitated iron and aluminum 
hydroxides. 

The neutral leach solution, in addition to ammonium and manganese sulphates, 
contains small amounts of iron, arsenic, copper, zinc, lead, nickel, cobalt, and molyb- 
denum. These are precipitated by hydrogen sulphide gases, and the pr^ipitate is 
taken out by filter pressing. The solution still contains a little colloidal sulphur, 
colloidal metal sulphides, and organic matter, which are introduced with the ammon- 
ium sulphate. A little ferrous sulphate is added and air passed in to oxidize the iron. 
This precipitates the iron as a mixture of ferric hydroxide and basic ferrous sulphate, 
which removes the sulphur and colloidals and also removes any residual arsenic and 
molybdenum. 

The impurity that interferes most with the process is magnesium. It is necessary 
at intervals to refrigerate the electrolyte to 10 to 15°C., which throws out a triple salt 
of magnesium-manganese-ammonium sulphate. Fortunately this salt can be sold 
in the southeastern United States as a fertilizer. Borne experimental work has been 
done on the precipitation of calcium and magnesium from the electrolyte by the 
closely controlled addition of ammonium fluoride. 

The Hydrometallurgy of Manganese. — The wet treatment of manganese ore 
requires a knowledge of the manganese minerals and the compounds of manganese 
that appear in solutions, precipitatc.s, mhuirals, and products. These matters 
have been discussed. 

Considerable work has been done on the Wilson Bradky process, which depends 
on the reduction of mangane.se to MnO and of FezO® of the ore to Fe304 at about 
400°C. by a mixture of hydrogen, carbon monoxide, and wat<?r vapor. The calcine 
must be kept away from the presence of air in ordt^r to pr(‘V(*nt reoxidation. It is 
then agitated with ammonium sulphate liquor at about The manganese 

oxide dissolves as manganous sulphate with generation of ammonia gas. Apparently 
the difficulty of recovering the ammonia gas has been the chief obstacle to the general 
adoption of this process. 

^Another ammonia process was that of A. T. Sw'cet of the Michigan School of Mincs, 
In this process manganese carbonate ore crushed ^ minus 65 nie.sh is mixed with 
ammonium sulphate and a little w'ater and the mixed pulp roasted. This drives off 
carbon dioxide and ammonia, while the manganc^se carbonate is changed to sulphate. 
The sulphate is leached from the roasted pulp and the manganese precipitat^^d by the 
ammonium carbonate recovered from the roast gases. 

Ores that were low in lime and high in iron wen? treated by Prof, Sweet with 
sulphuric acid to produce soluble manganese sulphate, roasting the mangai‘«‘^‘' 
sulphate to Mna 04 . So far as known this process has not reached the large pilot-pl«^l' 
stage. 

Some rather promising results on manganese carbonate ores, specifically on th<>s^ 
of the Chamberlain District, S. D., were obtained by leaching with calcium chlord*'- 
Prolonged digestion transformed the manganese carbonate into manganese chlorKlc» 
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the calcium remaining in the ore as calcium carbonate. The mRnpuMa ig then 
precipitated by calcium hydroxide, which regenerates calcium chloride for future 
use. 

Manganese dioxide, as already indicated, is readily acted upon by sulphur dioxide 
which dissolves the manganese as manganese sulphate. This furnished the basis for 
the so-called L. H. Ryerson process, also intended primarily to treat the carbonate 
ores of Chamberlain, S. D. It was purposed to use manganese sulphate solution as a 
catalyst for the oxidation of sulphur dioxide to sulphur trioxide and to use the sul- 
phuric acid manganese sulphate solution as a leaching agent. The manganese 
sulphate not needed as a catalyst was to be calcined to manganese oxide and sulphur 
trioxide. On a working scale the oxidation of the sulphur dioxide did not proceed 
so rapidly as had been expected, which seemed to be the chief difficulty. 

The Bureau of Mines also did some work on this problem, though the Bureau 
of Miru^s had the opinion that the sulphur dioxide leaching should be preceded by a 
sulphuric acid leach.i If a sulphuric acid leaching does not precede the sulphur 
dioxide leach there is a tendency to produce dithionates, which decompose on any 
attempt to concentrate the solution. It does not appear that this process passed the 
laboratory stage. 

Nitrogen Dioxide Process. — ^Leaching with nitrogen dioxide has been experimented 
with by the Bureau of Mines.® Tlie general basis for the process is the fact that 
manganese dioxide ix'acts with NO2 and water to form manganous nitrate with 6 mole- 
cule.s of water. 'I’he oxidation of NO2 to nitric acid was to be kept low by controlling 
the flow of NO 2 and eliminating air pressure. Under these conditions the nitrogen 
dioxide acts as a reducing agent on the manganese dioxide. Calcium and magnesium 
if prestmt. diss<dve readily and can be removed only by crystallization. A pilot plant 
was to be erected by the Anaconda Copper Mining Co. to test this process on a large 
scale. 

Mangane.se accompanying other metals is commonly freed by utilizing the per- 
manence of its salts in acid solution in the presence of hydrogen sulphide, and the 
stal)iiily and insolubility of its sulphide in alkaline solution, iron being previously 
r(*mov<‘d and thus not under consideration here. The manganese, there^fore, accom- 
})anies zinc, nickel, and cobalt, from which, along with zinc, it is separated by the 
greater readiness of its sulphide to react with dilute acid. It is separated from ferric 
iron by the relative solubility of the manganous hydrate in ammonium chloride, and 
from zinc by the relative insolubility of the manganous hydroxide in alkali. The 
possible electrolytic deposition of the dioxide upon the anode of the electrolytic cell 
permits of separation from most other metals, lead being excepted, and, under certain 
conditions, silver. 

Economic Demands. — The great demand for manganese arises in its metallurgi- 
cal use as metal in ferroalloys and the industrial uses of dioxide and the several 
well-known cornpKmnds required in many varied applications. The production 
of the pure dioxide is seen to be a starting point for the manufacture of most com- 
pounds as well as for the preparation of the metal. Manganese minerals and products 
of low grade have been used for a wide variety of purposes, in some cascis as coloring 
agents, as in the manufacture of terra cotta of required shade, or for cements and other 
construction materials. The use of manganese as a fctilizer has been shown by years 
of experien(‘e to have been helpful as a crop stimulant. The adaptability of ammon- 
iun^-manganese-magnesium rt^sidiies to use as fertilizers has been of immense aid to 
<‘criain electrolytic manganese work. In medicine it is now known to be a stimulant 
of (inzymejs. Under present conditions, a low content of manganese in ores or minerals 

* iS. Bur. Min«B RtpU. ImeatigationB 3049, July, 1942. 

® V. B, Bw. MintB Repts. J nveiAigntionB 3626, March, 1942. 
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signifies little value except where a high degree of concentration or a simple process of 
chemical extraction becomes possible. 

Analysis of Manganese. — The chemical determination of manganese with assur- 
ance of accuracy in ores, or as a component of iron and steel, has been always an 
involved and exacting operation. Many methods are known, some of which have 
been shortened to become methods of convenient assay. The element, when present 
in iron and steel, commonly requires the longer procedure of quantitative analysis 
for accurate determination. One may read A. A. Blair on the Chemical Analysis of 
Iron,^^ or Sutton's “Volumetric Analysis,” The zinc oxide method of Low^ is 
commonly accepted as being well suited to ores. The method of Clennell* is suited 
to the determination of the manganese alloy wdth aluminum. 

* C/. Low’s “Technical Methods of Ore Analysis.” 

^Eng. Mining Jour,, Vol. 105, pp. 407-410, 1918, 



CHAPTER XX 

COBALT 

By a. B. Schaal,^ M. J. Murphy,* and S. A* Laubich* 

Occurrence. — Cobalt is found in igneous-rock formations in many localities widely 
scattered over the earth s surface. The individual deposits, while numerous, are 
small and usually in conjunction with, or part of, deposits of more abundant or more 
valuable metals, suc.h as copper, lead, manganese, nickel, silver, and, occasionally, 
gold. Consequently, cobalt is usually produced incidentally to, or as a byproduct 
of, some more extensive metallurgical operation. 

Some of the more important ores of cobalt are (1) smaltite, or tin white cobalt, 
C0AS2; (2) cobaltite, or cobalt glance, CoAsS; (3) erythrite, or cobalt bloom, Coj- 
AS2O8.8H2O; (4) linnacite» or cobalt pyrites, C08S4; (5) asbolite or asbolan, black 
earthy cobalt, an impure mixture of manganese and other metallic oxides; and (6) 
skutterudite, CoAs^. 

Of the many and widespread deposits of cobalt, the following have, or have had, 
considerable commercial importance: (1) the Katanga district, in Belgian Cbngo, 
where cobalt is found as a cobaltiferous copper ore; (2) Northern Rhodesia, where 
there is a similar deposit; (3) French Morocco, where smaltite is found in conjunction 
with gold, a rather rare occurrence; (4) Ontario, Canada, whe^re cobalt occurs in a 
variety of forms in conjunction with the silver deposits around Cobalt, and with 
various nickel deposits; (5) Schneeburg, Germany, where it is found as smaltite, 
linnaeite, and asbolite, and is associated with silver, bismuth, and uranium. New 
C'alodonia, which at one time furnished 90 per cent of the world’s cobalt, has com- 
parativ(‘ly large deposits of asbolite. These deposits have not been worked much in 
late years, largely because others, notably those in the Katanga, can be worked more 
cheaply. 

Other deposits, of more or less marginal and temporary commercial importance 
are found in Burma, New South Wales, South Australia, India, Norway, Sweden, 
Finland, ( -hile, Brazil, Peru, and the United States. 

The most important deposit in the United States is that around Fredericktown, 
Mo., where cobalt is found as sulphide in conjunction with copper, nickel, and lead. 
This deposit has lately been revived, perhaps temporarily, because of world economic 
conditions. Some cobalt has been obtained recently as a by-product from the old 
iron mines at Cornwall, Pa, (see page 591). 

In the first nine months of 1941, the last period for which such statistics are 
available, the following cobalt materials were imported into the United States: 

1. From Belgian Congo: 6,631,692 lb. of '^residue” (cobalt-copper-iron alloy) 
averaging about 41 per cent cobalt. 

2. From Canada and Australia: 2,016,105 lb. of ores and “concentrates ” averaging 
Jihout 8.7 per cent cobalt. 

3. From Canada: 484,800 lb. of cobalt metal. 

4. Prom Belgium, Canada, and the United Kingdom, 38,002 lb. of oxide containing 
*^0 to 71 per cent cobalt. 

* Flant Manager,* Superintendent,* Assiatapt Superintendent, Ferro Enamel Supply Co„ Cleveland, 
IJbio. 


583 



684 


trONFERROUS METALLUROr 


These figures do not indicate usage, since much of the material, except the oxide, 
was brought in as preparation for the war emergency, especially item 1. 

Until very recently (1944) the domestic cobalt deposits have not been worked, and 
to date (August, 1944) no refined material has been produced from these deposits. 

Properties of Cobalt. Physical Properties , — Cobalt is a silvery white metal when 
polished, but is a gray powder when produced by reduction of its oxides. Its specific 
gravity is 8.756 for an unannealed sample, 8.81 for an annealed sample, and 8.925 
for a swaged sample. It has a melting point of 1480°C. and a boiling point of 1900®C. 
Its atomic weight is 58.94. 

There are two allotropic modifications of the metal. Alpha cobalt has a close- 
packed hexagonal lattice and is the stable form under 400°(>. At ^00® beta cobalt 
is formed. This modification has a cubic lattice. Both forms are known jto exist 
below 400°C., but alpha cobalt is the stable form. I 

After iron, it is the most magnetic metal, and it retains its magnetism eveii at high 
temperatures. \ 

It has a tensile strength of 34,400 Ib. per sq. in. when cast, 36,980 lb. per\sq. in. 
when annealed, and 100,000 lb. per sq. in. when rolled. Its compressive strength is 
122,000 lb. per sq. in. when cast and 117,200 lb. per sq. in. after annealing Its 
Brinell hardness varies between 124 and 130, but clectrodeposited cobalt is harder 
than the ordinary metal, having a Brinell number that varies between 270 and 311. 

Pure cobalt may be machined, but it is somewhat brittle. Its machining qualities 
are improved by the presence of small amounts of carbon w'hi(ih also make it possible 
to swage the hot metal. 

Chemical Properties . — The hot metal combines wdth various gases. It decomposes 
steam at rod heat. When finely divided, it ignites in an atmosphere of the oxides of 
nitrogen. It reacts with ammonia gas at 470® to form a cobalt nitride, C04N2, which 
decomposes at 600®. At a pressure of 100 atm., finely divided cobalt reacts with 
carbon monoxide if heated to about 200®C., forming orange red crystals of cobalt 
carbonyl, Co2(CO)8. This reaction differs from that of nickel with car])on monoxide 
in that the latter reaction proceeds at atmospheric pressure and low temperature, 
and forms a basis for the separation of nickel from cobalt. It reacts with chlorine, 
bromine, and iodine to form the corresponding halide siilts. 

The metal is soluble in dilute mineral acids, forming cobaltous salts. 

There are three oxides of cobalt, analagous to the oxides of iron. Cobaltous oxide, 
(3oO, is a greenish gray; cobaltic oxide, C02O3, is brown; cobaltoso-cobaltic oxide, 
(^304, is black. Solution of any of the three oxides in mineral acids results in the 
corresponding cobaltous compound. 

CoO + 2HCI C0CI2 + H2O 
C02O3 4- 6HC1 2Coa2 -f 3H2O + CU 

C03O4 -h 8HCI 3C0CI2 + 4H2O + CI2 

Simple cobaltic salts do not exist, and if formed in solution, arc probably immedi- 
ately reduced to the cobaltous state. There are, however, many complex cobal tic- 
compounds, e g.j potassium cobalti nitrite, K3Co(CN)6. 

One of the most important methods of separating cobalt from nickel depends on the 
fact that, if cobalt is oxidized to the cobaltic state by means of chlorine, hypochlorites, 
or peroxide in neutral solution, the cobaltic salt formed immediately hydrolyzes and 
precipitates as cobaltic hydroxide. 

Cobalt is precipitated in cold solution by dilute alkali forming a blue basic salt 


Cod a + KOH CoOHCl + KCl 
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This basic salt is changed to the pink Co (OH) 2 on warming the solution. The pre^ 
cipitate, in turn, changes to brown Co (OH)* in contact with air. 

Alkali carbonates produce reddish precipitates of variable composition. 

The metal may be made from the oxide by briquetting the cobalt oxide with a 
carbonaceous material, or by passing hydrogen over C 02 O 3 . Carbon monoxide 
slowly reduces C 02 O 3 above 500° C, and very rapidly at 900°C. or above. 

A very pure form of cobalt metal may be obtained by heating cobalt oxalate, 
C 0 C 2 O 4 , at high temperatures. 

Metallurgy. — Most of the cobalt is now produced from the cobalt-bearing copper 
ores found in the Katanga district of Belgian Congo. Tnjatment in blast furnaces 
on the ground brings the cobalt out in the slag. This slag, reduced in the electric 
furnace, forms a copper-iron-cobalt alloy, which, prior to the war, was refined largely 
in Belgium. Lately, however, this raw material has been shipped to Niagara Falls, 
N. Y., where It plant having a capacity of about 1300 tons of cobalt per year has been 
built by Klectro-Metallurgical Corp. for the Belgian interests. This operation, like 
most of those dealing with cobalt, has been shrouded in secrecy. 

This crude alloy has also been refined to cobalt salts and cobalt oxide in two or 
three Ohio plants, and at a New Jersey plant, whose processes are rather closely 
guarded. These latter plants are probably using wet chemical separations, whereas 
the Niagara Falls operation is at least partially electrolytic. The cobalt-copper-iron 
alloy has a fairly uniform composition. It contains about 1 to 3 per cent arsenic, 1 to 
2 per cent silicon, and small amounts of nickel, lead, antimony, and manganese, 
totaling 2 to 3 per cent. The remainder of the alloy (92 to 94 per cent) is made up of 
iron, copper, and cobalt. It is usually divided about as follows: cobalt 40 per cent, 
copper 18 per cent, and iron 35 pvs cent. About the only published information on 
processing this material is contained in Thorpe’s Chemical Dictionary. 

Prior to 1941, cobalt was also produced from several other sources, notably in 
Franco., from Moroccan ores of approximately 12 to 15 per cent cobalt, 3 per cent 
nickel, and 45 to 50 per cent arsenic, and from the old New (Caledonian sources. 
(k)balt was produced in (jcrmany from smelter residues from Burmese antimonial lead 
operations, as well as Canadian smelter products, and local ores. It is certain that 
the German goveniment subsidized these operations to enable them to compete in 
world markets. Home cobalt compounds were i)roduced in this country for the 
ceramic trade?, from (Canadian silver-mine tailings enriched by small amormts of 
pick-mine?d higher grade material, making a “concentrate” containing 10 per cent 
cobalt, 3 per cent nickel, and 25 per cent arsenic together with iron, sulphur, and 
varying amounts of gangue. 

During the last few years, some of the material formerly going to Germany and 
France was diverted to the United States, and some of the speiss from the antimonial 
lead operations in Burma was treated to recover cobalt oxide among other products. 
The cost of these materials is very high, and they cannot be cheaply treated. 

Since 1941 an attempt was made to revive the Missouri deposits, and a plant was 
erected to concentrate the cobalt and nickel sulphides by dotation. These concen- 
trates were roasted to remove most of the sulphur. The plant was also equipped to 
smelt these concentrates dow*n to a cobalt-nickel matte, thus getting ® ^ 
part of the iron. The flotation concentrate ran 6 to 7 per cent cobalt. The roasted 
concentrate usually ran 12 to 15 per cent cobalt, while the matte, after roastmg, 
usually contained about the same amount. Sulphur in the concentrate was quite 

high, but it could be roasted down to about 3 per cent. . . , , 

Preparatory With the exception of the ores in Belgian Congo, nickel 

is almost universally associated with cobalt in amounts necessitating its separatum. 
These orcs^are either oxides, sulphides, or sulphoarsenides of these metals, and usually 
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contain, in addition to iron and the gangue materials, varying amounts of copper, 
antimony, lead, and manganese. 

Up to the present, cobalt must be separated from nickel by wet chemical means. 
Such methods are comparatively expensive, and the ores are usually concentrated 
by every available physical means, as far as possible, preparatory to wet chemical 
treatment. Tabling and flotation are both used for these preliminary 
concentrations. 

Oxide Ores and Concentrates. — Two general schemes of treatment, after concen- 
tration by tabling or flotation or both, are applicable to this class of material. (1) 
It can be smelted and an alloy formed, cast into anodes, and brought into solution by 
electrolysis, or (2) it can be directly digested with muriatic or sulphuric acid. Both 
methods find application at present. I 

Owing to process difficulties encountered with sulphuric acid treatment, thi metals 
are usually brought into solution as chlorides, or, after special preparation, leached 
with ammonium carbonate. \ 

Sulphide Ores and Concentrates. — It is seldom that these materials arc sufficiently 
soluble in sulphuric or muriatic acid to permit direct treatment with a view to elirhinet- 
ing sulphur as hydrogen sulphide. In the rare cases where this treatment sur*Qceds, 
caring for the evolved gas constitutes a serious problem. To treat sulphide materials 
with an oxidizing mixture such as sulphuric acid and niter or muriatic acid and niter 
is usually impractical, owing to the difficmlty of handling the heavy sludge of sulphur 
formed. It is usual, therefore, to roast off the sulphur as far as practicable, (converting 
the metals to oxides, which are then subjected, after fine grinding, to acid 1rc*atment. 
Sulphur has been reduced to about 3 par cent by roasting, some sulphate being 
formed at the same time, not includi'd in this figure. The roasting is done in multiple- 
hearth furnaces, and is a fairly cheap st(^p. 

Where large amounts of gangue and iron are present, it is perhaps preferable to 
smelt the sulphide concentrate down to a matte, removing the gangue and some of the 
iron in this manner. The matte is then crushed, ground, roasted, and pulverized, 
when it is ready for the acid treatment. The matte is usually made in reverberatory 
furnaces, oil fired. 

Arsenical Ores and Concentrates. — Older methods of preparing such materials 
nearly always included smelting to a spenss, or a speiss and matte. In this way gangue 
is removed along with some iron, if the iron in the ore is high. Matte comparatively 
low in arsenic should then be roasted, as should speiss containing large quantities of 
sulphur. Where speiss is roasted, means must be provided for collecting the volatil- 
ized AS2O3. Some arsenic will, of course, rcmiain in the roast, care being taken to see 
that it falls to somewhat less than the iron content, to ensure its complete removal later 
in the process. 

Some types of speiss, high in arsenic and low in sulphur, are probably best directly 
dissolved in acid, after grinding, without roasting, and the arsenic recovered as calcium 
arsenate. 

Which method to use, f.c., whether or not to roast a low-sulphur high-arsenic 
speiss, will depend on the local possibilities of atmospheric pollution, as well as the 
economics. 

Several attempts have been made, prior to acid treatment, to convert the metallic 
constituents into such a condition as to provide selective solution, and thus partial 
separation, of the metals by the initial arid treatment. These attempts have been 
only partially successful. The appended references cover these trials, as well as 
complete processes which today possess only historical importance. 

^eliminary Chemical Treatment, Unozidized Material. — Two methods have been 
employed at this stage of the refining: 



COBALT 


587 


1. Smelting with soda ash, niter, and salt, on a cast-iron lining, at about 1300®F. 
The fluid melt is poured into a rapid stream of water and completely disintegrated. 
Arsenic passes into solution as sodium arsenate, sulphur as sodium sulphate. The 
metals, silica, alumina, and antimony remain in the residue. The slurry is filtered 
and washed. The arsenic is recovered as calcium arsenate. The cake is dissolved in 
muriatic acid, all metals passing into solution as chlorides. Sulphuric acid cannot be 
used where much gangue is present. 

2. The finely ground material is digested with muriatic acid and niter in a glass- 
lined vessel, the nitrous fumes being recovered in an absorbing system as nitric acid, 
and re-used in the process. If the material is a high-arsenic low-sulphur ore, prolonged 
digestion is usually needed to bring about solution of the metals. In this case, the 
entire charge is placed in the dissolving kettle and heated with steam while agitating. 
If however, the material is a high-arsenic low-sulphur speiss^ the finely ground material 
reacts instantly and completely with the hot oxidizing acid and is, therefore, fed into 
the acid in a stream at a rate that permits the collection of the fume in the absorption 
system and prevents the reaction from getting out of control. In the resultant solu- 
tion, the metals are present as chlorides, the arsenic as arsenic acid, with more or less 
elementary sulphur, depending on the amount originally present. The following 
reaction typifies the behavior of arsenical ores: 

5CoAs2 + I 2HNO3 + lOHCl + 4H2O 5C0CI2 + IOH3ASO4 + 12NO 

Oxidized Afaleriah — After fine grinding, oxidized material is treated directly with 
sulphuric or muriatic acid, the choice being governed by two factors: (1) the physical 
condition of the material after acid treatment, with its effect on handling, and (2) the 
requirements of the subsequent separations. Usually solution in muriatic acid will 
l)() found advisable in the case of the more complicated materials. This is especially 
true since the present cost of muriatic acid is relatively low. 

Usually, even if the material is finely ground, a considerable time, and heat, will 
be nec<*8sary to arrive at anything approaching complete solution. Residues, if they 
contain no important amounts of cobalt or nickel, are not removed after solution is 
finished, since they do not complicate subsequent steps. 

Wet Chemical Separations. Separation of Iron . — From large amounts of iron, 
c.obalt and nicked are probably best separated, in muriatic-acid solution, by neutraliza- 
tion with calcium carbonate to pH 3.0 to 3.5 and filtering of the resulting slurry. It 
will be necessary in most cases to use a filter aid such as sawdust, which is added after 
precipitation. At best, filtration and, especially, washing are difficult. It is prob- 
ably advisable to repulp the cake with water, acidify to, say, pH 2.0, add more cal- 
cium carbonate to pH 3.0, and rcfilter. The w^hole operation should, of course, be 
(jarried out in a highly dilute condition. In the presence of much silica or alumina it 
may be necessary to raise the pH to 5.0. Arsenic, if present in an amount not more 
than equal to the iron, will be completely precipitated. 

The presence of copper complicates matters severely. If the pH is 3 to 3.5 at 
filtration, most of the copper comes through and can be recovered, but at pH 5 a large 
proportion of the copper is precipitated. 

In the case of lead, most of it will be retained in the cake, but much comes through, 
and will come down in the copper separation, later. 

Antimony will remain in the cake, except, possibly, traces. 

Separation of Arsenic. — So long as sufficient iron is present, arsenic will all be 
precipitated with the iron, probably as Fe3As04. It can be removed from the precipi- 
tate by digestion (hot) with caustic soda: 

FeA804 + 3NaOH ^ Fe(OH), + NajAsO* 
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Copper also precipitates arsenic in about the same way as iron, probably somewhat 
as follows: 

CuCl 2 + H 8 ASO 4 + CaCOs CuHAs 04 + CaCla + H 2 O + CO 2 

Arsenic can be extracted from this precipitate with NaOH very satisfactorily, the 
reaction being probably 

CuHAs 04 + 3NaOH Cu(OH )2 + H 2 O + Na 8 As 04 

The extracted arsenic can be converted into calcium arsenate with very little 
trouble. This is being done commercially at present in at least one plant in the 
United States. The material started with is a speiss containing, in addition to cobalt 
and nickel, 2 per cent iron, 3 per cent sulphur, and 9 per cent copper, with 40 per cent 
arsenic. In this case it is evident that there is insufficient iron and copperjto com- 
bine with the arsenic in the calcium carbonate precipitation. The metal deficiency is 
made up by adding copper hydroxide slurry. The whole is precipitated with calcium 
carbonate at pH 5 or a little less, filtered and washed on an Oliver filter. Most of the 
cobalt and nickel, and a little copper, pass into the filtrate. The cake is repulped 
with water, extracted with caustic soda, and again filtered and washed, the arsenic, 
except small amounts, passing into the filtrate. The cake from the caustic filtration 
is repulped with water, and run to storage tanks. This slurry provides the copper 
hydroxide added at the first precipitation. The volume of copper-iron slurry accumu- 
lates, and the excess over process needs is treated as follows: Muriatic acid is added to 
pH 0.5, w'hen everything dissolves except antimony and some iron arsenate. Calcium 
carbonate is added to pH 3.0 when all the iron precipitates, carrying down any arsenic 
that has escaped the caustic extraction, and all but traces of lead and antimony. A 
little copper also comes down. Most of tlui copper and any cobalt and nicked remain 
in solution, which is filtered off and added to the first filtrate. The washed cake is 
discarded, or treated to recover antimony, if warranted. 

Separation of Copper. — Cdpper has been separated from cobalt and nickel in 
various ways. From a concentrated sulphate solution properly a(‘idified it can be 
done well by electrolysis. Most of the older chemical wet methods seem to have 
relied on soda ash or lime. These chemicals produce, at Ix'st, a very imperfect 
separation. Hydrogen sulphide in acid solution has been used, with success, but its 
use leads to hazards that cannot readily be overcome. Various other ideas have been 
advanced, most of wdiich are impractical. Perhaps the best chemical method, which 
has found succe.ssful commercial application, is based upon the hydrolysis that takes 
place when neutral copper solution is agitated in the presence of air at about pH 6.0 
or a little higher. The acid liberated is neutralized with calcium carbonate, and the 
reaction is fairly complete. The reaction takes place at room temperature and secni.s 
to be somewhat as follows: 

SCuCb + 2 CaC 03 + H 2 O 2CuOHCl.CuCO^+ 2CaCl2 + 2 CO 2 

The actual product contains large, but not definite, amounts of CO 2 . The air agita- 
tion frees the solution of CO 2 and carries the reaction to completion. If a complete 
removal of the copper is desired, a little excess of CaC^^Os must be used, which will, of 
course, remain in the final product. A little cobalt and nickel will be carried down, 
but these amounts are not important. It is not known whether this is due to copre- 
cipitation or occlusion. In any case it is much less than where soda ash is used. 

The success of this separation probably is due to the fact that at no time is there 
sufficiently high local or general alkalinity to cause precipitation of cobalt or nickel. 

Lead is also carried down by this reaction, and is almost completely removed, 
probably as a basic carbonate. 
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The precipitate is granular and filters and washes with ease. The method is 
cheap and practical. The product when dried is light, fluffy, and highly reactive. 

Copper is removed commercially by cementation on very finely divided nickel, 
prepared by reducing green oxide with charcoal. Probably cobalt would work equally 
well. Temperature for this cementation is given as 82°C. Copper has long been 
removed by cementation on scrap iron, but this has the decided disadvantage of 
introducing ferrous iron into the solution, and in the ultimate reckoning, is far from 
inexpensive. The resultant copper is in poor condition for recovery. It is usually 
smelted. 

Separation of Cobalt from Nickel. — This separation is almost universally accom- 
plished by exploiting in various ways one single fact. In neutral solutions cobalt is 
more readily oxidized than nickel. The oxidized cobaltic compound hydrolyzes and 
precipitates and is filtered off, leaving nickel in solution. The acid liberated by the 
hydrolysis, must, of course, be neutralized, to carry the reaction to completion. 

Probably the (‘arlicst application of this reaction was the addition of bleaching 
powder and lime to the neutral solution of the chlorides (the classic Freiberg process). 

2C0CI2 + 4CaOCl2 4- 2C^a(OH)2 + H2O —> 2Co(OH)3 -f SC'aC'U 

In working with sulphate solutions, a mixture of sodium hypoc^hlorite and soda ash 
or caustic soda was used. 

2(^o(:i2 4- NaO(n + 4NaOH + H2O 2Co(OH)3 5NaCl 

It has been done both hot and cold, but it seems fairly well established that above 
40°C. nickel begins to react readily, and coprecipitate. In any event the separation 
is far from complete. 

The procedure is about as follows: The hypochlorite is added to the mixture of the 
chlorides a little at a time and is stopped when the cobaltz-nickel ratio is about 1 : 2 or 
1 : 3, when appreciable amounts of nickel begin to precipitate. The solution is filtered, 
and the? residue is washed, dried, and ignited to the oxide, largely C03O4. This oxide, 
if the work is carefully done, contains 70 to 71 per cent cobalt and about 1.5 per cent 
nickel. The solution is treated further with hypochlorite and alkali, until no more 
cobalt remains in solution, when the slurry is again filtered. 

Only nickel remains in the filtrate. The cake, cobaltic hydrate, containing nickel 
in considerable quantity, is redissolved in acid and add(?d to a new batch. 

It is further well established that this procedure succeeds only when the cobalt- 
iiickel ratio in th(? original chloride solution is high, t.c., perhaps 10 or 12 cobalt to 3 
or 4 nickel, and in fairly dilute solutions. The lower the cobalt-nickel ratio, the less 
satisfactory is the separation, until in the case of about 1 cobalt to 3 nickel it fails 
completely. Probably the optimum concentration of cobalt plus nickel in the original 
chloride solution is about 12 g. per 1. Where the cobalt-nickel ratio is low, the pro- 
ced\ire is to precipitate? the cobalt completely the first time, filter, dissolve, neutralize, 
and reprecipitato fractionally. This procedure, in certain cases, is insufficient and 
must sometimes be repeated to produce cobalt comparatively free from nickel. 

A better separation was later accomplished by adding to the mixed chloride solu- 
tion just enough calcium carbonate to neutralize the acid formed on hydrolysis of all 
the cobalt, and passing in chlorine gas until all the carbonate was dissolved. 

4CoCU + 2Ch 2C0CU 

2C0CI3 + fiHaO 2Co(OH)« 4- 6HCI 

6HC1 4- BCaCOn SCaCU 4- 3H2O + SCO, 

The solution is held at about 20® C. for best results. Much of the cobalt precipitates 
i'^latively free from nickel and is filtered off, dried, and ignited to oxide. The filtrate. 
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which is saturated with chlorine, is treated with calcium carbonate, whereupon the 
remaining cobalt precipitates, carrying down some nickel in the rat: 3 of about 5:1, 
This precipitate is treated with acid to pH 3.5 and reintroduced into a succeeding 
batch. This method also succeeds better when the total concentration is low and the 
ratio of cobalt to nickel is high. 

Herrenschmidt Separations. — llie chloride or sulphate solution of cobalt and 
nickel is divided into two parts in one of which the cobalt and nickel are completely 
precipitated by hypochlorite, hot. The precipitate is filtered and the cake repulped 
with water. Both portions ani heat(d to boiling, and, while agitating, the slurry is 
added to the clear solution. The following reaction takes place: 

Ni(OH), + CoCU NiCl 2 + Co(OH )3 i 

The addition is continued until all the cobalt is precipitated, care being used not to 
add too much of the slurry. This separation is not very satisfactory, and usually 
has to be repeated several times to ensure even moderately good results. \ 

Ferric iron can be satisfactorily separated from a cobalt or a nickel, or a combined 
cobalt-nickel chloride, solution by the addition of freshly precipitated Ni(OH )2 m 
Co (OH) 2 . This separation is successful if carefully controlled and the quantity of 
iron is not too great. Naturally the solution should not contain much free acid at the 
start (say pH 2). The iron will all be down at pH 3.5. 

Copper can also be removed in this way, completely, hut some cobalt or nickel or 
both wdll remain in the copper precipitate. 

Recovery of Nickel. — Nickel remains in solution after the separation of cobalt. 
At this stage of the process it is usually associated with large amounts of calcium or 
sodium chloride or both, or, in the case of sulphate solutions, wdth sodium sulphate. 
Magnesium should have been carefully excluded from the process. Sulphate solu- 
tions can be concentrated and electrolyzed, and in some cases this may be desirable, 
especially if metallic nickel is sought. 

Usually, it will be necessary to precipitate and filter off the nickel. If there is no 
calcium or magnesium present, the separation is usually made with soda ash; all the 
nickel is precipitated at pH 9. If calcium is present, either lime or caustic soda is 
employed, the end point being the same. 

In any case, filtration is a problem. None of the continuous-type filters arc 
suitable, and great difficulty is encountered using batch-type pressure filters. One 
of the most satisfactory installations for this purpose consists of a series of large 
rectangular tanks, each divided in the middle with a tight partition. TVenty-sevi^ii 
6 X 6 ft. vacuum leaves are installed in each side of each tank. The leaves have 
bottom suction only, so they may be sucked dry. 

The slurry is introduced into one side of the first tank, and vacuum is applied 
to build up a cake about in. thick. The slurry is pumped to the other side of thi‘ 
tank, the volume made up with fresh slurry, and cake built up in the same manner. 
The cake on the leaves in the first side is sucked dry and washed down off the leaves 
with water at pH 9. It is repulped by violent circulation and drawn off into a catch 
tank. By this time the second side has filtered down, and the slurry is pumped back 
into the first side, the cake being treated the same as before. This provides a semi- 
continuous filtration, the slurry or pulp delivenni to the catch tank containing about 
one-tenth the amount of salt present in the original slurry. 

The slurry in the catch tank is run through a second filtration and repulping, the 
concentration of salts remaining being about Hoo of that in the original slurry. This 
is repeated a third and, if necessary, a fourth time, when it is seen that if three cycles 
were used, the salt is reduced theoretically to Hooo of its original concentration, 
if four cycles, to 1/10,000. Practically these ratios arc not attained, but the washir^*; 
is very satisfactory. 
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The resultant final slurry is run over drum driers and finally calcined to the oxide. 
Pulvenzmg is not necessary after calcining the drum-drier product. ITie drum-drier 
product Itself is a light, highly reactive hydrate (or carbonate). 

In one commercial operation, the calcined oxide is briquetted with suitable sticky 
carbonaceous material and reduced to metal in an electric furnace. The hydrate 
could be dissolved in sulphuric acid and electrolyzed. It could also be briquetted 
and reduced in an ordinary reverberatory, bearing in mind that nickel requires a 
comparatively high temperature for melting. 

Another method of removing the salts from the nickel slurry is, of course, counter- 
current decantation. This probably is quite practicable, but very large thickeners 
would be necessary, owing to the slow settling rate of the precipitate. The installa- 
tion would be very expensive. 

Cobalt Recovery at Lebanon, Pa. — ^The original ore as mined from the C'ornwall 
ore banks is concentrated magnetically, giving 64 per cent of magnetite product 
(used as an iron ore) which still contains 1.73 per cent of pyrite and some cobalt. 
This cobalt is lost. There are 36 per cent of rejects, which carry 5.63 per cent pyrite 
and 0.0856 cobalt. This reject is treated by flotation after regrinding, giving a flota- 
tion concentrate weighing 5.92 per cent of the feed and carrying 88.7 per cent pyrite 
and 1.39 per cent cobalt. The cobalt recovery is 64.7 per cent in this process. A 
concentrate equal to 1.58 per cent of the reject, high in chalcopyrite, is taken off also. 
(The copper assay is not known, but the chalcopyrite concentrate carries 4.1 per cent 
of its weight in FeSa and 0.0623 per cent cobalt). The tailing from the flotation unit 
(92.5 per cent of 36 per cent) carries 0.41 per cent FeS 2 and 0.0062 per cent cobalt. 

The pyrite-cobalt concentrate is burned at Baltimore for sulphuric acid, and the 
resulting cinder is then shipped to Wilmington, Del., where it is given a chemical 
treatment that recovers 80 per cent of the cobalt. The over-all cobalt recovery 
compared with the original content of the magnetite reject is 51.7 per cent. 

The Uses of Cobalt. — (Cobalt in the metallic state finds few applications because 
its properties are much the same as nickel, which is about one-fifth as expensive. 

1. C^obalt can be drawn into wire that is stronger than either nickel or iron. It 
also has high corrosion resistance to salt solutions and alkalies. 

2. In recent years, the alloys of cobalt have found greatly increased application. 
This is due to their high red-hardne.ss, their wear resistance, and their magnetic 
properties. The most important alloys are as follows: 

1. Stellite, a very hard nonferrous (^o-Cr-W alloy used for cutting tools. 

2. Carbolojq a tungsten carbide containing a large amount of cobalt, also used for 

cutting tools. t 

3. A Co-Fe alloy containing 35 per cent cobalt, used extensively as a magnet steel. 
New cobalt alloys developed especially for high magnetic permeability and retention 
arc now available under the name Permalloy. 

4. By replacing nickel with cobalt in the common nickel alloys it has been shown 
that cobalt has a markedly stronger effect on the desired property than nickel. 

5. An alloy of 12 per cent Co and 85 per cent A1 has a tensile strength 85 per cent 
above aluminum and a hardness 100 per cent above aluminum. It is resistant to the 


fiction of alkalies and organic acids. 

6. Cobalt-base alloys are used as hard-facing welding rod and special cast and 
wrought products requiring resistance to abrasion or corrosion, such as burnishing 
toilers, bushings, dental instruments, cloth and rubber cutting knives, dies, homogen- 
t^'iTig valves, refrigeration valves, centerless grinder rests, turbine-blade shielding, 
ientific mirrors, and parts for manufacturing dry batteries. 

Compounds of Cobalt. — A large percentage of the total cobalt production is 
<'oimted fgr by cobalt oxide. Commercial cobalt oxide, Coa 04 assays about 70 to 
^ > per cent cobalt. The impurities dqpend on the method of manufacture and do 
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not usually exceed 3 per cent. A mixed hydrated oxide of cobalt and nickel containing 
small amounts of copper and manganese is satisfactory for enamel ground coats, and 
the difficult step of separating the cobalt and nickel is avoided. The ratio of cobalt 
to nickel in the mixed oxide is the same as it is in the starting material. Cobalt 
oxide is a necessary component of nearly all porcelain enamel ground coats. Although 
used in small percentages, it effectively promotes the adherence between the enamel 
and the metal. As a color oxide, cobalt produces a brilliant blue in ceramic material. 
With nickel oxide, and iron oxide, it produces black. Most blue oil paints contain 
cobalt. 

Cobalt compounds have proved valuable catalytic agents in promoting oxidation 
reactions. Cobalt naphthenate, resinate, oleate, and acetate are important paint 
and varnish driers. In this instance, the cobalt in an oil-soluble form promotes the 
oxidation and polymerization of the drying oil in the paint to form a tougli and dry 
film. Many organic oxidation reactions are carried out with the aid on specially 
prepared cobalt metal and oxide catalysts, usually in conjunction with other metals. 

Some work has been done on cobalt plating which indicated that it is superior in 
some respects to nickel, but cost considerations rule against it. In addition, it 
oxidizes more readily than nickel and therefore is not suitable for heating appliances. 

Cobalt compounds commercially available are as follows: cobalt oxide (71 per 
cent Co), cobalt naphtenate, cobalt sulphate, cobalt chloride, cobalt acetate, cobalt 
resinate, cobalt oleate. Some of the cobalt anunes have recently found industrial 
application. 

Electrolytic Cobalt. — While a good deal of secrecy is observed in electrolytic- 
cobalt operations, it is stated that electrolysis is carried on in a bath containing 
200 g. per 1. of Co as C 0 SO 4 , 50 boric acid, 5NaF, at a current density of 25 amp. per 
sq, ft., using lead anodes and stainless steel cathodes.^ The maximum allowable 
concentrations of impurities are Zn, 10; Cd, 1; As^^’*’, 3; As'", 1; Sb, 10; Hg^"^, 
1 mg. per 1. Up to 100 mg, per 1. chromium is only slightly harmful and Ni, Cu, 
Fe, and Mn are not deleterious. Cobalt is recovered from the bath, when it 
becomes too depleted, by recrystallizing as C 0 SO 4 or as CoS 04 .(NH 4 ) 2804 . 6 H 20 , or 
by precipitating metals of the second group with HaS under 20 lb. per sq. in. pressure 
at pH 4, followed by the familiar iron purificat ion. It is said by another experimenter 
that the sodium fluoride can be replaced by sodium chloride and that platinum anodes 
are preferable to lead.* 

It is also claimed® that cobalt can be commercially precipitated from a cobalt 
sulphate or chloride electrolyte containing high cobalt, at 100 to 200 amp. per sq. m. 
at 60 to 70®C., keeping the electrolyte neutral by CoCOa. The current consumption 
is said to be about 2J^ kw.-hr. per kg. of Co. 
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CHAPTER XXI 


NICKEL 

By Donald M. Liddell^ 

Ores and Deposits. — Nickel ores are of widespread occurrence throughout the 
world. They are found in almost every country of Europe, in Africa, India, China, 
South America, Cuba, and in various localities in the United States, The most 
important deposits, however, occur in Canada, New Caledonia, Norway, and Finland. 
Compared with the first two, the Norwegian deposits are relatively small, but were 
important during the World Wars, when all their production went to Germany. 
During the height of their prosperity, nearly 80,000 metric tons of ore containing 
approximately 1.20 per cent nickel and 0.50 per cent copper was treated per year.® 
The Finnish deposits which have been developed by the International Nickel Co. 
are the Kaulalunturi mines near Petsamo in north Finland near the Russian border, 
and it is reported that about 5 million tons of ore had been developed, carrying 3 
per cent nickel, 1 per cent copper {Mineral Trade Notes 7839, 1940). It is also 
reported that ni(;kel ore occurs in the southeastern part of Finland in the Nivala 
district, south of Oulu. The International Nickel concession has been taken over 
by the Russian government. 

There are some recent developments in Brazil on which no exact information is 
obtainable, but those may also be important. The lateritic iron ores of Cuba, the 
Dutch Indies, and the Philippines may also be important future sources of nickel. 

The existence of nick<4 ore in New Caledonia has been known since 1865, and the 
deposits have been worked since 1875. From the latter date until the end of 1915, 
about 2,245,354 metric tons of ore was exported.® Additional ore smelted on the 
island produced 26,368 tons of matte, containing about 45 per cent nickel. It is 
estimated that the contents of the ore and matte amounted to 156,394 tons of metallic 
nickel. During recent years the tonnage produced has declined rapidly. Previous 
to 1881 the ores produced contained from 10 to 12 per cent nickel, but since that time 
the grade has been steadily falling off until now it is about 5 per cent. In the 5 years 
I91fr“1920 there were 76,113 metric tons of ore and 23,511 metric tons of matte 
exported. From the end of 1920 to the end of 1935, ore exports were negligible, but 
72,492 tons of matte w^as exported. In the 4 years 1936-1939 about 29,000 tons of 
matte and over 106,000 tons of ore wms exported. This of course was due to Axis 
stock piling. The ore may be assumed to have carried about 5 per cent nickel. 
Detailed figures have been published for the period 1927-1939 as to the matte tenor; 
72,030 tons of matte exported in those years (included in the statistics given above) 
are said to have averaged 75.8 Ni. The New Caledonia ores consist principally of 
noumeaite or garnierite, a hydrated nickel-magnesium silicate, to which the formula 
lNi,Mg)SiO,.H20 has been assigned. The ore, as mined, contains 20 per cent or 
more of hygroscopic moisture, besides about 10 per cent combined water, and is dried 

^ Consulting engineer* New York. 

* "Mineral Industry," p. 887, 1918. 

• Keport Royal Ontario Nickel Commiswion, p. 247, 
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before shipping. A complete analysis representing an average of the 7 per cent ore 
after drying at 100°C. is as follows 

Pur Cent 

Si02 42.0 

MgO 22.00 

CaO 0.10 

AljOs l.OC 

FezOa 15.00 

NiO 9.00 

CoO 0.15 

MnOa 0.70 

H2O loioo 

99^5 


The absence of copper and sulphur is particularly noteworthy. The Canadian ores 
contain both, and to this fact is due the different methods of smelting and defining 
used. There is no information available as to whether or not the New (^aledo^nia ore 
contains any of the precious metals. In any event, none are recovered. 

The New Caledonia deposits of nickel are associated with a very basic rock which 
is now largely altered into serpentine. The nickel mineral is found in small veins in 
the serpentine and as concretions enclosing undecomposed ro(!k masses. The gar- 
nierite is an alteration product, in which the nickel repla(*es the magnesia of the 
serpentine. When pure, the color is green, but the presiince of iron causes a wid(‘ 
variation, passing through yellow and brown to almost black. The deposits are 
always found in the form of shallow beds on the slopes of spurs from the main moun- 
tain range of the island, and at elevations of 400 to 2500 ft. 

By far the most important deposits of nickel known at the present day are those of 
the Sudbury district, Ont., C.^anada. Nicjkel ores have been discovered at a number of 
points in Canada, but from two only, besides the deposits of the principal district, 
has there been any production. These are the Alexo mine on the Temiskaming & 
Northern Ontario Ry., near Matheson, Ont., which shipped ore for a number of years 
to the Mond Nickel Co.^s smelter at C.Wiston, and the (V)balt silver district, where 
nickel, chiefly in the mineral niccolite, is found associated with the silver, and is 
recovered as a by-product at the various plants where the silver bullion is produced. 

The ores are closely associated with a pre-C’ambrian intrusion of noritemicro- 
pegmatite rock, which encloses an o^^al-shaped area of later sedimentary rocks. 
The longer axis of the oval lies in a northeasterly-southwesterly direction and is about 
33 miles in length. The width is about 13 miles. The enclosing norite ring, which 
is acid in character toward the inner part and shades to a basic composition as il< 
approaches the outer edge, has a varying width of 2 to 4 miles. Most of the known 
deposits are found at the outer or basic edge of the norite, but some important or( 
bodies known as offset deposits^' have been worked at a distance of several miles 
from the basic edge. 

The ore consists mainly of magnetic iron pyrites, or pyrrhotite, always mixed with 
more or less rocky matter or gangue, but often remarkably free from it and then 
massive and close grained in appearance. Various formulas have been worked out for 
the pyrrhotite, but, on the whole, it corresponds very closely to FesS®. Copper, in 
the form of chalcopyrite, CuFeS 2 , is always present, frequently in sufficient quantity 
to be easily distinguishable by the eye. The nickel mineral, however, is so intimately 
associated with the pyrrhotite that, in general, nothing short of a chemical analysis will 


1 ''Mineral Industry," p. 862, 1918. 
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establish its presence. By the use of a magnet on the finely ground ore from selected 
specimens free from copper, and by the exercke of a good deal of patience, it is possible 
to separate the ore into a magnetic and a nonmagnetic portion. The former will 
consist of barren pyrrhotite, while the latter will be the nickel-bearing mineral. 
Careful work of this kind has shown the nickel mineral to be pentlandite,i (Ni,Fe)iiSio, 
containing Ni 36.0 per cent, Fe 30.4 per cent, and S. 33.6 per cent. Another nickel 
mineral, polydimite, NisFeSs, is met with in some of the mines in readily distinguish- 
able masses, but, although such occurrences are very rich in nickel, polydimite is of 
secondary economic importance. Of interest only mineralogically are such minerals bs 
millerite, NiS, niccolite, NiAs, and gersdorffite, NiAsS, which are found occasionally. 

All ores mined contain, in addition to the copper and nickel, small amounts 
of the platinum-group metals, as well as a little gold and silver. These metals are 
concentrated during the smelting operations and are collected in the matte which goes 
to the refining process. No reliable analyses are available of the precious-metal con- 
tent of the ores, but the following analyst‘s^ of two saniples of converter matte, 1 ton 
of which represents 15 to 25 tons of ore, indicate that the amounts present in the ores 
are small : 



Ounces per ton 

No. 1 

No. 2 

Gold 


0.256 

Silver 


6.155 

Platinum 

mM 

0.988 

Palladium 

HU 

0.984 

Iridium 

0.046 

0.065 


Though the amount of the precious metals in the ores is not large, their recovery 
from the matte makes the International Nickel Co. the world ^s greatest source of the 
platinum-group metals. 

The gangue rock associated with the ore is, in general, of two kinds, acid and basic, 
with the latter predominating. The acid rock is mainly granite from the foot wall. 
The norite forms the hanging wall and some is found mixed through the ore, as is also 
aii associated greenstone. The analj^ses® at the top of page 596 are the averages of 
a number made on each kind of rock. 

The ore as shipped from the mine seldom contains less than 30 per cent rock, and 
may have 50 per cent or more. 

Smelting of New Caledonia Ores. — The recovery of the nickel from the New 
f aledonia ores, which contain no copper, sulphur, or other element that might 
be expected to add to the difficulty of treatment, w’^ould, at first glance, appear to 
be a simple matter. The method of treatment originally proposed was to mix the 
ore with limestone to flux the siliceous gangue, and smelt the mixture with sufficient 
coke to reduce the nickel and furnish the necessary heat to produce liquid slag. 
The removal of the gangue as a molten slag could be accomplished readily enough, 
hut the reduced metal or “foiite,” containing about 6d per cent nickel along with 
<'onsiderable iron, proved difficult t,o deal with. It could not be bessemerized directly 
still liquid, nor would it easily be broken up for furtlier treatment after it had 
st>lidified. Moreover, as the coke used always contained a certain amount of sulphur, 

' Dr. C. W. Dickson. 

* Report Royal Ontario Nickel Commission. ^ 

* Coleman, A, P., **The Nickel Industry.” 
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Per cent 


Acid 


Basic 


SiOj. . 
AlaO*. 

FeaOj 

FeO.. 

MgO. 

CaO. . 

NaaO. 

KaO.. 

HaO.. 

TiOa., 

P2O5. 

MnO. 


Specific gravity 


67.862 

52.770 

12.688 

18.943 

1.740 

0.283 

5.072 

9.140 

1.164 

4.940 

2.468 

7.617 

3.956 

( 2.597 

2.780 

1.330 

1.050 

\ 1.263 

0.456 

\ 1.097 

0.178 

\ 1.300 

0.036 

\ 

99.452 

9^.760 

2.718 

2.897 


and as this was taken up with avidity by the rcducc'd iu( kcl, it precluded the use of 
the fonte directly as ferronickel. The absence of the sulphur in the original ore 
proved to be only an apparent, and not a real, advantage. When these facts came to 
be recognized, the method now in use was adopted. 

The present treatment is based on the prodaiction of a mattci ])y adding suitable 
fluxes and sulphur-bearing material of some kind, (lypsum is the usual source of the 
sulphur, but alkali waste, (diiefly calcium sulphide, or even pyrite may be used. It 
is customary to briquette the ores with the neces.sary fluxes and any flue dust that is 
recovered. The briquettes,* after air drying, are smelted with 33 per cent coke in 
water-jacketed furnaces, producing a matte containing between 30 and 45 per cent 
nickel, and a slag assaying 0.30 to 0.40 per cent nickel. Th(^ furnaces originally used 
had a capacity of only about 20 tons per day, but the larger ones now operated have a 
capacity of 100 to 120 tons per 24 hr. The following analyses give tlie composition of 
the furnace charge and the resultant slag.® 


Per cent 



SiOa 

A1203 

FeO 

Fe203 




H,0 

Ore 

Briquettes 

Slag 


3.5 

8.12 

10.12 

1 

20.22 
18.20 

17.22 

■ 

Qn 

1 

8.11 

10.12 


The matte produced in the smelting operation is bessemerized in small convertcirS; 
a siliceous flux being added to slag ofl the iron oxide formed. The product from tl*c 


* Gowlakd, “ Non-ferrous Metallurgy.” 

^ Eeport Royal Ontario Nickel Commission. 
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oonvertere contains approximately 80 per cent nickel and 20 per cent sulphur, with the 
iron usually not over 0.25 per cent. It is next ground in ball mills to pass through 60 
mesh and then roasted tUl free from sulphur, giving practically pure nickel oxide, which 
niay then be reduced to metal by means of carbon or other reducing agent. The 
nickel oxide and the reducing agent are ground together and briquetted into either 
^rondelles,^* circular disks about 2 in. in diameter and in. thick, or ^-in cubes 
to meet the requirements of the market. The reduction is carried out by heating in 
horizontal retorts to bright redness for about 48 hr. The rondelles or cubes, when 
ready for the market, contain about 99.25 per cent nickel. ^ 

Cana^an Smelting. — There are three Canadian plants treating nickel ores: 
Copper Cliff, which produces a blister copper for refining to electrolytic copper and 
an impure nickel to be refined to pure nickel or to nickel oxide. Coniston, the old 
smeltery of the Mond Nickel Co., which produces nickel matte serving as the raw 
material for Monel metal and white metal which goes to Copper Cliff for separation 
of the nickel and copper. Falconbridge, which normally sends its matte to Kristians- 
sand, Norway, to be refined by the Hybinette process, but which is at present shipping 
its product to be refined by the International Nickel Co. 

The International Nickel Co., Ltd.— The latest practice describedlG] is based on 
crushing all the ore and giving it a bulk rougher flotation, which recovers about 95 per 
cent of the copper and 85 per cent of the nickel. The rougher concentrate is then 
cleaned selectively three times, splitting it into a final copper concentrate, carrying 
about 1 per cent Ni, and a final nickel concentrate. The tailings from the first rougher 
flotation are given a final flotation, which produces an impure concentrate that is 
cleaned from silica, the cleaned concentrate being added to the final nickel concentrate. 
The entire flotation tailing is finally tabled, by whi(5h some arsenides carrying pre- 
cious metals are recovered. This arsenide concentrate is also added to the nickel 
concentrate. 

Nickel Concentrate Treatment.— The nickel concentrate is roasted in Herreshoff 
furnaces, one being placed over the burner end of each reverberatory in which the 
smelting is done. These reverberatories are 110 X 24 ft., and the feed is 82 per cent 
calcines, 15 per cent sand, and 3 per cent scrap. All exhaust gases are passed through 
Cottrell precipitators, and the recovered dust is returned to the reverberatories. 
The matte from this reverbe^ratory smelting goes to 13 ft. diameter Peirce-Smith con- 
verters. These are fluxed with barren sand, blown in with a Garr gun, and the charge 
IS blown to ^Vhite metal.^’ The product runs approximately 48 per cent Ni, 27 per 
cent Cu, 2 per cent Fe, and 23 per cent S and goes to the so-called Orford department, 
for top and bottom smelting to separate the nickel and copper. 

Top-and-bottom Smelting. — The white metal from the Peirce-Smith converters 
is smelted with sodium sulphate and niter cake in cupolas 198 in. long and 48)^ in. 
wide; the flux is reduced to sodium sulphide in which copper sulphide is much more 
soluble than is nickel. The fused product is allowed to solidify, the lighter copper 
sodium sulphide forming the ** first tops,” which carr}'^ about 40 per cent Cu and 4 
per cent Ni, and the heavy nickel sulphide forming the ^‘first bottoms” (approxi- 
mately 65 per cent Ni, 9 per cent Cu). When cold, the tops and bottoms separate 
readily. 

These first bottoms are again smelted with niter cake or sodium sulphate, the 
second ‘'tops” running about 15 per cent Cu, 12 per cent Ni. These are returned to 
Ihe first smelting. The second bottoms contain about 72 per cent Ni, 2 per cent Cu, 
Jiud go to the nickel-recovery plant. 

The first tops, containing the bulk of the copper, as already indicated, are bes- 
^'cmerized in Peirce-Smith converters, 10 ft. in diameter, 35 ft. long, with blast at 16 

pressure. The sodium sulphide oxidizes to sodium sulphate, in which neither 
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copper nor nickel sulphide is soluble, the sulphate going back to the smelting furnaces. 
During this blow the converter should be run below the temperature at which either 
sodium sulphate or sodium sulphide is volatile, which results in the accumulation of 
some heavy-metal scoria in the converter. 

The copper sulphide after it is freed from the sodium sulphide is transferred to 
clay-lined converters where it is overblown to free it from nickel. The blister, 

Bessemer Mqftg 



saturated with CU 2 O, goes to the copper refinery, Wlnle the high-nickcl converter 
slag goes back to the nickel reverberatories. 

Coniston Plant. — The Coniston Plant is that formerly owned by the Mond Nickri 
Co. and is about 8 miles east of Sudbury. At the time of the latest authoritative 
information concerning it(61, it had six sintering machines, four blast furnaces, ami 
five Peirce-Smith converters. The ore treated is a coarse magnetic ore from 
Frood mine, and magnetic ore from the Creighton mine, both coarse and fine. Tlic 
high-grade matte from the Creighton ore, carrying about 2Ni:lCu, is shipped to 
the International Nickel Co.^s plant at Huntington, W. Va., for the production oi 
Monel metal. The high-grade matte from the straight Frood ore or from the mixture 
of Frood and Creighton ores goes to the Orford plant, described above. 
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The rintemg ^chines are 42 X 396 in. Dwight-Lbyd carrying a 6-in. layer of 
charge. Fuel oil is used to ignite the charge, which is reduced from about IS per 
cent to 10 S Each machme treats about 250 tons per day of a mixture of flue dust, 
fine ore, and limestone. 

The blast furnaces are 50 X 240 in. at the tuyeres and discharge into 18 ft. diam- 
eter settlers. The furnace jackets come down only to the top of the crucibles, which 
are 24 in. deep. ITie crucibles and settlers are lined with magnesite brick. 

The furnace matte is converted in 13 X 30 ft. Peirce-Smith converters, iisio g 
barren sand and low-grade ore as a flux, to produce white metal and a slag analyzing 
about 28 per cent Si02. The white metal is poured into cast-iron molds, allowed to 
cool, and then broken up for shipment as already described, 'fhe converter slag is 
returned to the furnace settlers. 

Port Colbome Operations.— At Copper Cliff, there are two types of nickel sulphide 
(white metal) produced for the operations of the Port Colborne refinery; the so-called 
“regular” sulphide, averaging 69 to 70 per cent Ni, 27 per cent S, and 0.25 per cent 
Fc; and the “high-copper” sulphide, containing about 72 per cent Ni, 25 per cent S, 
and 0.4 per cent Fe. Most of the gold and silver in the original ore has followed the 
copper and has gone with the “tops,” but the bulk of the platinum group remains 
with the nickel in the bottoms. 

For the production of nickel oxide for the market, the “regular"' sulphide is used. 
It is ground in ball mills to 0.027 in. and is transferred to lead-lined concrete tanks 
with filter bottoms. These tanks are partially filled with water, and the crushed 
matte is sifted in through gratings, which prevents lumping and packing. When the 
tank is filled, it is first leached with hot water to remove the sodium sulphide. The 
strong sulphide liquor is sent to storage; the dilute wash waters go to waste. 

The washed nickel sulphide is treated with 10 per cent sulphuric acid, which 
removes about 50 per cent of the iron in the nickel sulphide, f.e., the iron will be 
reduced from about 0.25 to 0.12 p(*r cent. Some nickel is also dissolved, so that the 
solution from this step must be treated to recover the dissolved nickel. 

The leached oxide is roasted in Edwards furnaces where in the mechanically 
operated hearth the sulphur is reduced from 27 per cent to less than 4 per cent. The 
material is mixed at this point with sodium cliloridc and is roasted at a low tempera- 
ture in a hand-rabbled hearth. This chloridizes most of the copper and a small 
amount of nickel. The roasted material is leached in the same way as was done to 
n^move the sodium sulphide, the strong leaches being treated to recover the copper 
and nickel, the weak washes being used for the first washing of further chloridized 
sulphide. 

The leached chloridized material has a greenish tinge and is known as “green 
oxide."" It contains about 77 per cent Ni, 0.1 per cent Cu, and 0.4 per cent S. It is 
roasted at about 2300°F. after mixing it with soda ash to remove most of the sulphur. 
It then is again leached, and after leaching it contains about 77.5 per cent Ni, 0.25 
per cent Cu, and 0.005 to 0.008 per cent S, in which condition it is known as black 
oxide. The nickel and copper in the acid leach of the sulphide and in the chloride 
leach of the black oxide are recovered by precipitating them with the sodium sulphide 
from the first hotrwater leach. The precipitate is recovered by filter pressing and goes 
back to the Copper Cliff smeltery. 

** High-copper"^ sulphide for the production of anodes undergoes the same leaching 
treatment except that it is not ground so fine. After being dried, it is sintered on 
flwight-Lloyd machines to give a product containing not over 0.4 per cent S. 

Sintering Operation. — In this operation it is necessary to return a large amount of 
t^he sintered material, since it has been.found that in order to secure a 0,4 per cent S 
product the feed to the sintering machines cannot be over 6 per cent S. Conse- 
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quently, enough returns must be used to dilute to this sulphur content. Oil-fired 
muffles are used to start the ignition, and coke breeze is mixed with the charge to 
assist combustion. Nickel sulphide (high copper) for the nickel refiRery at Clydach, 
Wales, is partially processed at Port Colborne. It is crushed, ground, and leached, 
just as in the regular sulphide treatment, and then is partially roasted in an 
Edwards all-mechanical furnace to a sulphur content of 6 to 7 per cent. It is then 
shipped in barrels to the refinery at Clydach. 

The crude oxide or sinter is crushed to J^-in. mesh and is mixed with crushed low- 
ash bituminous coal in a drum mixer. This mix is charged into oil-fired reverberatories. 
The oxide is reduced to metal, melted, and worked to flat pitch, then tapped into 
anode molds and sent to the electrolytic department. 

If pure nickel oxide is being worked with, such as the precipitate from alnmonia- 
carbonate leaching, it is mixed into a paste with flour and made into polletslthat are 
heated in retorts with charcoal for 48 hr. at 1200 to 1300°C.. for the production of pure 
nickel. 

£lectrol 3 rtic Department. — The anodes produced from the crude sintei carry 
approximately 95 per cent nickel, 2 to 2t^ per cent (-'u, 0.75 per cent Fe, and o\75 per 
cent S. The anodes are cast with lugs for supporting them in the tanks and are'about 
27 X 36 in., weighing 480 lb. each. Fourteen anodes are placed in a tank. 

The electrolytic tanks are constructed of reinforced concrete, mastic-lined, and are 
built in pairs. The electrolyte contains about 40 g. Ni, 20 g. boric acid, and 35 g. 
Na 2 S 04 per liter. The cathodes are placed in compartments made of canvas on 
wooden frames, and the purified electrolyte is fed into the cathode compartment. The 
anolyte flows out through rubber pipes built into the tanks 9 in. above the bottom, and 
discharging at the top through spill boxes fitted with wooden w(‘irs. 

The electrolyte is kept free from copper by cementation in wooden pachucas on 
grain nickel. Several of these tanks are used in series. The overflow from the last 
pachuca tank goes through a Dorr thickener, and any grain nickel carried over goes 
back to the first pachuca. The solution from the Dorr thickener then goes through a 
set of tanks into which air is blown, which oxidizes and precipitates the iron as basic 
sulphate and as hydroxide, along with some nickel. The solution is then filter pressed 
and returned to the electrolytic circuit. The grain nickel used in the pachucas is 
produced by reducing nickel oxide with water gas at a temperature below the melting 
point of nickel. 

Starting-sheet Manufacture. — Starting sheets are produced by plating nickel 
on aluminum or stainleas steel blanks. The thin sheets after stripping are fitted with 
suspension straps or loops cut out of starting sheets and attached by spot welding or 
clamp punches. 

Mond Process. — The coarsely calcined matte from Port Colborne is first roasted 
to about 1 per cent S, and is then ready for the refining process. In principle, this 
consists of a reduction ta metallic nickel by a mixture of hydrogen and carbon monox- 
ide, the volatilization of the nickel as nickel carbonyl, Ni(CO) 4 , and the decomposi- 
tion by heat of nickel carbonyl into nickel and carbon monoxide. In practice, the 
calcined ore passes through six reducers in sertes, then through six volatilizers in 
series, which volatilize about one-third of the nickel as carbonyl. The residual 
material is mixed with a little fresh material and passed through two more reducers 
and four volatilizers and then receives a final reduction in one reducer and then passes 
through three more volatilizersffl]. 

On the basis of about 6 hr. in each reducer and 16 hr. in each volatilizcr, this means 
about lOJ^ days for the passage of the ore through the plant. 

The reducers are vertical gastight structures, built up of 21 cylindrical cast-iron 
sections, 6 ft. in diameter, with a central hole 22 in. in diameter. In each 
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box dr section is fitted a horizontal cast-iron plate with a central hole and six 
supporting lugs, which fix the plate in the middle of the box. A central 
vertical shaft carries and rotates a series of scrapers on each box and plate. The 
material falls on the top plate, is pushed to the outer edge by the scrapers, and thence 
falls to the bottom of the first box. From this position it is pushed to the central hole 
through which it falls to the next plate, and so on, until it enters an exit conveyer at 
the bottom. 



A reduction temperature of 350 to 400® C. is maintained by a hot-air circulating 
system. Theoretically, the reduction is interesting in that it takes place at so low a 
temperature that the carbon monoxide effects only about 3 per cent of the reduction 
and the hydrojgen about 97 per cent. The reaction with the hydrogen, although 
endothermic, is, at the temperature employed, twenty to foity times as rapid as is the 
exothermic reaction with carbon monoxide. The result of this relationship is to give 
an end gas that is high in CO after condensing the water-vapor out of it and, hence, is 
admirably suited for use in the volatilizers. 

The volatilizers are similar in design to the reducers except that no external heat 
is necessary. The reaction is exothermic and radiation must be employed to keep the 
temperature from rising about the optimum of 60®C. The reduced material travels 
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down through the volatilizers, where it comes in contact with the high CO gases, 
traveling upward. 

Decomposition of Nickel Carbonyl. — In the decomposing apparatus the nickel 
carbonyl comes into contact with nickel pellets heated to a temperature of about 
180°C. The nickel is dt^posited on the pellets, and carbon monoxide is liberated. 
Close temperature control is necessary, for above 200°C. the carbon monoxide begins 
to break down into carbon and carbon dioxide. 

The decomposer is made up of a cylindrical cast-iron base in two pieces, carrying 
six cast-iron decomposer boxes, one above the other. Each box has an external gas 
ring with burners, and is heated by producer gas. Each decomposer is filled with 
about 9 tons of nickel pellets before being put in circuit. The bottom box is fitted 
with a conical piece through wdiich the p(‘llets flow, past an adjustable baffle jilate, to a 
bucket elevator that returns them to the top. The pellets grow as they circulate, and 
the larger pellets are screened out of the circuit. \ 

The incoming nickel carbonyl gas is supplied to a central vertical tube arid passes 
from this through shielded outlet holes in the middle of each decomposer box! After 
percolating between the pellets and depositing its nickel, the gas leaves thipugh a 
water-cooled outlet ring placed between each pair of boxes, is collected in a common 
vertical main, and is recirculated througli the volatilizers in a closed circuit, wastage 
being made up with carbon monoxide formed l^y the decomposition of liquid nickel 
carbonyl supplied by the so-called ‘^medium-pressure plant.’' 

Medium-pressure Plant, — The material discharg(Hl from the thirteenth volatilizer 
(see page 600) is rc^calciruMi and fed to the medium-pressure plant. Here it again 
passes through reducers and is then charged to a numb(‘r of pressure volatilizers, in 
which it is subjected to the action of gas(^s containing about 60 per cent carbon monox- 
ide at a pressure of 300 lb. per sq. in. The exit gases from these volatilizers pass 
through coolers, where the bulk of the nickel carbonyl is condensed as a liquid. The 
residual gases arti expanded to atmospheric temperature, and the reisidual nickel is 
recovered in decomposers of the standard type. The liquid nickel carbonyl is then 
used for the production of make-up carbon monoxide[6]. 

The Hybinette Process. — This proccjss was employed by the British-American 
Nickel Corp., at its refinery at Deschenes, Quebec. Bessemer matte of the following 
composition — Ni, 53; Cu, 28; S, 18; and Fe, 0.25 per cent — ^was produced at the com- 
pany’s smelter at Nickelton, Ontario. The matte was granulated and shipped to the 
refinery. The granulated matte was scrcicned through 10 mesh and charged into 
cementation tanks, through which flowed the foul electrolyte from nickel-plating 
tanks. Bessemer matte was semimetallic, and the metallic portion cemented the 
copper; an equivalent amount of nickel w'ent into solution. To facilitate this metal 
transfer, each tank was equipped with hard-lead steam coils (about 70°F, is necessary). 
The copper-free electrolyte and the foul solution from plating tanks flowed in opposite 
directions through a heat interchanger in which a part of the heat in the purified liquor 
was transferred to the foul liquor before entering the cementation tanks. 

The spent matte from the cementation tanks, then containing about 44 per cent 
Cu and 38 per cent Ni, was excavated and sent to eight-hearth Wedge roasters, and 
roasted to about 1 per cent S. The hot calcines passed over a screen, the oversize 
was crushed and returned to roasters, and the fines were discharged into a launder, 
through which leaching solution conveyed them to leaching tanks of about 90-ton 
capacity. This leaching solution was depleted electrolyte from the copper-plating 
tanks (30 g. per 1. of Cu and 80 g. per 1. of H 2 SO 4 ). 

The copper-enriched solution from leaching tanks (Cu, 50 g. per 1.; and H 8 SO 4 , 
50 g.) passed through clarifying coikjs and thence to a series of three-tank cascadi^ 
electrolytic deposition tanks. These tanks were lead-lined and contained eight cath- 
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odes and nine lead anodes. The overflow from the third tank of the series returned 
to roaster launders as leach liquor. 

As a certain amount of nickel was dissolved with the copper and accumulated in the 
copper leach liquor or electrolyte, a portion of the spent electrolyte was continuously 
removed and passed through a separate series of plating tanks, where the copper was 
practically all removed. This copper-free solution was evaporated and the nickel 
crystallized as single nickel salts {NiSOd.THjO). Mother Uquor, rich in acid, was 
returned to leaching tanks. 
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Fig. 3. — British-American Nickel Co.’s flow sheet. 


The nickel electrolyte was also continually enriched with nickel in the cementation 
tanks, where the copper cemented on the matte was replaced by an equivalent amount 
of nickel. It was necessary, therefore, to withdraw continually portions of the solu- 
tion, which was evaporated and crystallized as above. The leached, roasted matte 
was excavated, mixed with coke breeze and limestone, and melted in a three-phase 
resistance furnace. The metal was tapped intermittently into a brick-lined ladle 
and poured into cast-iron anode molds (24 X 36 in,). Anodes contained about 
65 per cent Ni, 29 per cent Cu, and 0.40 per cent Fe. 

The anodes were encased in bags to catch slimes and suspended in lead-lined tanks 
(36 anodes and 35 cathodes). Cathodes consisted of iron or copper plates (24 X 36 
in.) suspended in ‘^Hybinette bags,” consisting of wooden framea with canvas sides, 
f*^«ting as diaphragms. 

Copper-free nickel electrolyte from cementation tanks (previously described) w as 
scd to cathode bags through rubber tubes from a lead header at a rate sufficient to 
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maintain a head of about 1 in. over the level in the anode compartment. This was to 
prevent anolyte containing copper from flowing into the cathode bags and contami- 
nating the nickel. Nickel sheets weighing about 30 lb. were stripped from cathodes 
about every 10 days, washed with dilute sulphuric acid, and cut into small squares for 
shipment. Or they were melted in the electric furnace and cast into ingots. 

Electrolytic nickel analyzed about Ni, 98.25; Co, 0.75; Cu, 0.03; Fe, 0.50; C, 0.10; 
and Pb, 0.20 per cent. 

Anode scrap was rcmelted and cast into molds. Slag from the melting furnace 
was shipped back to the smelter for re-treatment. Slimes from the anode tanks were 
treated for the recovery of precious metals. 

Originally the cathodes were painted with graphite before being placed in the 
tanks, but a dip in sodium-sulphide solution was found to result in easier stripping 
and smoother deposits. Frequently, however, patches of nickel were hard to detach, 
and when the cathodes were replaced in the tanks, trees grew around their ecWcs. If 
dipped in sodium sulphide, these patches became permanent, or nearly so, and in this 
case, graphite was used on the cathode surface, being omitted in the nickel\ patch. 
The latter usually then came off with the next deposit, when the sodium sulphide dip 
would again be used. 

Nickel starting sheets were experimented with, but in so acid an electrolyte, inter- 
nal stresses were set up that made the sheets curl when stripped and rendered them 
useless as starting sheets. While a separate starting-sheet section might have cured 
this, it seemed an undesirable complication. 

Aluminum sheets were also experimented with. The difficulty was in making the 
plates just rough enough to strip easily without having the deposit flake off in the 
tank. Light sandblasting at frequent intervals kept the plates in this condition. 

NICKEL RECOVERY METHODS ON OXIDIZED ORES 

Ore Reserves. — Apart from various deposits of completely oxidized ore whc‘re 
there is little heavy-metal content except the nickel itself, there are immense bodies 
of lateritic iron ore in various parts of the world, Chiba, Puerto Rico, Gold Ch^ast, 
Greece, Celebes Islands, Java, and the Philippine Islands. Probably the most 
important are the Cuban deposits, where some authorities have estimated as high as 
3,000,000,000 tons of laterites carrying in the neighborhood of 1 per cent of nickel. 

An outstanding feature of the nietallurgic experimentation of the last few years 
has been the attempt to treat these ores for recovery of the contained nickel. 

Over 100 different patents have been tak(»n out covering these processes. Space 
limitations prevent an exhaustive survey, so it is the author’s intention to describe only 
four which are based on radically different procedures. These are ammonia-ammo- 
nium-carbonate leaching as exemplified in the Caron process and its development by 
the Freeport Sulphur Co.; the volatilization of nickel as nickel carbonyl; selectivt^ 
chloridizing; and selective sulphatization. _ 

Freeport Sttlphtir Process. — This project of the Fre^eport Sulphur is the most 
ambitious attack that has ever been made on the problem of treating lateritic orcH. 
The ore is reduced by a mixture of carbon monoxide and hydrogen and then is coob^d 
to the temperature at which nickel carbonyl might be formed in such a concentration 
of carbon monoxide that nickel carbonyl is not fornnid in perceptible (|uantities. The 
reduction temperature is stated to be about 800 to 850®C. 

The ore after cooling is treated with a mixture of ammonia and ammonium car 
bonate. The ore must be kept from oxygen until after the solvent is in contact with 
it, but after the solvent is applied, some aeration or oxygenation is necessary in order 
to cause the nickel and cobalt to dissolve. The nickel apparently goes into solution 
as NiCOj.SNHj. After filtration, the solution is heated and basic nickel carbonate 



NICKEL 


605 


precipitated. Pawel states {Mining and Metallurgy^ August, 1943, page 360) that the 
nickel can also be easily deposited in metallic form by electrolysis of the solution and 
that if this process is followed there is less Ukelihood of losing ammonia than there 
is in driving off the ammonia and then condensing it. The greatest difficulty in the 
process is this matter of ammonia losses, either through nonrecovery of the ammonia 
driven off by heat froxn the solution, or adsorption losses from ammonia clinging to tho 
finely divided iron oxide of the ore. It is possible ip laboratory work to separate the 
cobalt and nickel by careful control of the heat, but it has not been proved that this 
can be done on the commercial scale. i '^The finely divided nickel oxide absorbs sulphur 
readily, and if it is dried in contact with combustion gases containing SO 2 or SOa, an 
impure product will result. * 

Nickel Carbonyl Processes.— The Simpson process (U. S. patent 2212459 of Aug. 
20, 1940) is b^ed on one of the most extensive sets of experiments ever run on the 
treatment of nickel ores by the carbonyl process. The ore is reduced and the reduced 
ore is treated with pure carbon monoxide at 40 and 80°C., which forms Ni(CO )4 
mixed with a very small amount of Fe(CO) 5 . The nickel carbonyl is fractionally 
distilled from tho iron carbonyl, and the temperature is raised, decomposing the 
nickel carbonyl into nickel and carbon monoxide. This d(jcomposition is usually 
carried out at about 200°(>, The reduction takes place at about 500 to 700°C. using 
water or producer gas as the reducing agent (U.S. patent 2221061). 

This whole process is of course an extension of the classic work done by Dr. Ludwig 
Mond, on which he based his British patents 12626 of 1890 and 8083 of 1891, his 
original processes still serving for the refining of nickel at the Clydach Works in Wales. 

It may be noted also that the (celebrated James Dewar worked on this process, 
investigating particularly the effect of pressure on the decomposition temperature of 
nickel carbonyl. 

Chlorine Process. — Many inventors have w^orked with the idea of chloridization, 
the earliest AnuTican pal cm t known to the author having been taken out in 1909 by 
Adolphe Seigle. The w(41-known (lerman metallurgist C. A. Brackclsberg took out 
a selective chloridization patemt as early as 1914. Both Charles Hart and E. W. 
Wescolt worked on chlorine volatilization processes. Wescott cornpleUdy volatilized 
the iron as b^rric chloride, nickel and cobalt chloride being left behind. Hart vola- 
tilized only a portion of the iron, which he recovered as Wes(*ott did also, by burning 
the ferric chloride to ferric oxide and chlorine, heaving a residue greatly enriched in 
cobalt and nickel (and chromium if present), which he proposed smelting to ferro- 
nickel or to 18-8 stainless steel. Unfortunately there is a tendency to form basic 
chlorides so that the residue is not admirably adapted to blast-furnace smelting. 

That selective chloridization has been considered has been spoken of above. A 
great number of these process<^s have been patented, of which the best in the author^s 
opinion is the procc’ss of E. W. Wescott (L^.S. patent 2036664 of Apr. 7, 1936). The 
ore is treated with a mixturi^ of gaseous hydrochloric acid and w'ater vapor between 
180 and 300®C. If the temperature is too low, there is exci^ssive chloridization of the 
iron, which is also th(^ case if pure hydrochloric acid is used. Under the conditions 
laid down by the inventor, there is little chloridization of the iron, and what ferric 
chloride is formed is de<?omposed by raising the temperature and admitting steam 
and hydrogen. The nickel and cobalt remain as soluble chlorides and can be leached 
out. 

Selective Sulphatizing.— This idea also has been worked on ve^y considerably, 
riie earliest work known to the author is that of F. A. Eustis and C. P. Perin (U.S. 
l>atent 1185187 of May 30, 1916), but the work of C. P. McCormack is probably 
hotter known today, though the basic principle of the inventors is the same. In the 

^ It iii claimed thi« hats now been demonstrated (June, 1945), 
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McCormack process (U.S. patent 1575852 of Mar. 9, 1926), lateritic ore is intimately 
mixed with sodium carbonate or sodium hydroxide and the mixture given a roast under 
oxidizing conditions. Alumina forms sodium aluminatc, and the chromium is oxidized 
and combines with the soda to form sodium chromate. These are leached out with 
hot water and the alumina precipitated by means of carbon dioxide. Sodium chro- 
mate is crystallized from the mother liquor. The leached residue is then mixed with 
pyrite and again roasted, the ro.ast gases being recirculated over the roasting ore. 
At temperatures between 450 and 750°C. the nickel has more of a tendency to sul- 
phatize than has the iron and theoretically, a good separation can be effected of the 
soluble nickel sulphate from the insoluble iron oxide; however, at least in the author^s 
experiments, the separations are not sharp and the hand labor involved is large. 
Shortly before the outbreak of the present war the Philippine governmen| made a 
large-scale test of this process, but apparently did not adopt it, for the treatment of 
the Surigao ores. \ 

Ralph F. Meyer and Alan Kissock have also done important work on differential 
sulphatizing. \ 

Direct Smelting Processes. — In some parts of the world are deposits of nickcM where 
there is practically no other heavy metal present. Experiments have been made on 
these ores, smelting them to })roduee a calcium-aluminuin-silicati; slag and a ferro- 
nickel with what iron is present, or if necessary, adding a little iron, using the electric 
furnace for this work. The greatest trouble* has been that if any sulphur were present 
either in the on^ or in the reducing agent it was all found in the metal produced. 

Before the war the Cfermans smelted large amounts of or<^ containing nickel, iron, 
and chromium for the production of an alloy of iron, chromium, and ni(*kel. The 
chromium was blown out and eventually recovc^red from the slag as high-carbon 
ferrochromium, while the residual nickel iron was us(*d for the production of nickel 
steel and the like. A discussion of the means by which the chromium content in the 
ferronickel was held down and a high-chromiurn slag produced would involve a long 
excursion into ferrous metallurgy, and hence is omitted here. 

The sulphur dioxide leaching of nick(d ore was reportt*d to have been (ixperimented 
with by the Soviet government quite extensively in 1929 to 1931, hut it is reported 
that the experiments did not indicate that the process would be cc.onomic on a large 
scale. 

Reduced Nickel. — A special product produced at the Huntington plant of the 
International Nickel Co. is so-called reduced nickel. Reduced nickel is metallic 
nickel in a finely granular form, produced by reducing the black oxide of nickel 
with charcoal at a temperature slightly below 15()0°F. It is dull gray and magnetic. 

It is of use where a highly soluble form of nickel is desired and where the granular 
form is acceptable. One of its large uses is in the manufacture of nickel salts. A 
typical analysis of INCO reduced nickel is as follows: (/U, 0.26; Ni, 97.80; and soluble 
Ni, 95.80 per cent. 

The wet oxide to be reduced is mixed by piling and turning with about 30 per cent 
of its weight of ground charcoal. The intimate mixture is th(*n charged into an oil- 
fired roasting furnace with flat rectangular hearth and working doors on each side, 
which allow hand rabbling of the charge during the reducing process. 

The charge in the furnace is leveled off to a depth of about 4 in. The oil burner is 
then lighted, and heat is gradually applied to the charge. It is rabbled every 30 min. 
to ensure even heating and to work the charge toward the front end of the furnacc'- 
Additional charcoal is added before the final rabble, or after about 3?^ hr., and thci> 
the charge is drawn into iron drums, covered with charcoal, and scaled. 

The drum is allowed to cool for at least 24 hr. The seal is then broken, the material 
dumped on the floor, screened through J^-in. mesh wire screen, and put through mag* 
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netic separators to clean it from charcoal. The separated reduced nickel ready for 
shipment is rather finely granular. A screen test shows that on an average 

90 per cent passes 10 mesh 
80 per cent passes 20 mesh 
50 per cent passes 50 mesh 
20 per cent passes 100 mesh 
10 per cent passes 150 mesh 

This product is put up in barrels, wtnghing about 1000 lb. each, and is then ready 
for shipment. 

Properties and Commercial Applications. — Nickel is a sih^ery- white metal having 
a strong luster. It is malleable, ductile, somewhat magnetic, harder and stronger 
than iron, resistant to abrasion, and of high melting point. It is very highly resistant 
to the action of air, water, nonoxidizing acids, fus(^d alkalies and salts, either fused or 
in aqueous solution. It is also rcmiarkably resistant to oxidation at high tempera- 
tures. It has a magnetic transformation point occurring at about 320®C. in com- 
mercial grades. 

While nickel is primarily divalent, a few relatively unstable compounds arc known 
in which it is trivalent. A peroxide (Ni02) is also known. Nickel is, with cobalt 
and iron, a member of the eighth group of the periodic- system. Its atomic weight is 
58.68. in normal solutions of its salts, nickel has a solution pressure of about 0.6 
\ro\t against the calomel electrode. Its electrochemical equivalent is 0.30425 mg. per 

coulomb. ... 1 , x- 

Nickel and its compounds exhibit strong catalytic activity in all types oi reactions, 

as illustrated in its commercial use for the hydrogenation of oils. 

Metallic nickel gives to its alloys strength, ductility, and resistance to corrosion. 
With such medals as copper and gold it acts as a powerful decolorizing agent. 

Distribution of Nickel.— Nickel is widely used industrially. Arranged roughly 
in orth'r of th(*ir relative importance from the tonnage standpoint, the- paths of 
distribution for nickol are; as niekel stc-l, Monel mclal, niekel-silyer and copper- 
nickel alloys, electroplating, iiickel-chroinium-iron “lieat-resistuig alloys, malle- 
able nickef, coinage, nickel salts for catalysts, etc., and nickel oxide for use m the 
ceramic industry. 


Table 1. — CoMMERriAL Non-malleable Grades of Nickel 


Analyse.?, per cent 


Ni-Co Cu C Fo Si S 


Electrolytic. 24" X 36" - 1001b. 99.80 0.04 Tr 15 NU Tr HmU^t-grodc malleable 

''“x" Granulated in water 99.150.18 12 38 10 « 025 

Reduofsd nickel oxide Powder 98.75 0.15 .. .1 50 Nickel salts 


» Electrolytic nickel is maUeable, but is 8<?ldom used for tbxs property. 
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Nickel is marketed in various forms, depending on the use to which it is to be put. 
These are (1) grains, cubes, rondelles, or powder, reduced from the oxide at low 
temperature without being fused; (2) nickel shot, nickel deposited in concentric layers 
from nickel carbonyl (gas) without being fused; (3) electrolytic cathode sheets; (4) 
blocks or shot obtained by reducing nickel oxide at temperatures above the melting 
point of nickel and casting the resulting metal or pouring it into water, without 
deoxidation; (5) malleable nickel, produced in the same manner as (4), except that it 
is treated with a deoxidizer before pouring; (6) nickel salts; (7) nickel oxide. 

Most of the commercial production of nickel falls in class (4). 

Malleable Nickel. — The properties of malleable nickel at ordinary temperatures 
are given in Tables 2 and 3 and at elevated temperatures in Table 4. 

Table 2. — Physical Properties of Malleable (99 Per Cent) Nickel 
(Commercially pure nickel) 

Density (specific gravity), 8.85. 

Weight per cubic inch, 0.319 lb. 

Melting point, 1450"C. (2640°F.). 

Shrinkage (pattern), }i in. per foot. 

Linear coefficient of thermal expansion: 

25 to 100°C., 0.0000130 per degree. 

25 to 300"C., 0.0000145 per degree. 

25 to 600°C., 0.0000155 per degree. 

Electrical resistivity, 64 ohms per mil. ft. (10.6 michrom-cm.). 

Conductivity about 16 per cent of that of copper. 

Coefficient of electrical resistivity, 0.0041 per degree centigrade, or 0.0023 per 
degree Fahrenheit. 

Optical reflection coefficient, 65 per cent. 

Thermal conductivity, 0.14 e.g.s. units (about 17 [mt cent that of copper). * 

Specific heat (20 to 1400°C.), 0.130 cal. per g. 

Latent heat of fusion, 73 cal. per g. 

Magnetic induction at 100 gausses field strength, 5000 gausses. 

Young’s modulus of elasticity, 30,000,000 lb. per sq. in. 

Torsional modulus, 1,0(X),000 lb. per .sq. in. 

Poisson’s ratio, 0.33. 


Table 3. — MEcnANieAL Properties of 99 Per ('ent Nickel 


Form of material 

Tensile projiertie 

b 


Hardness 

Yield point, Tensile strength, 

pounds per pounds per 

square inch square inch 

Elon- 
gatinn in 

2 in., pet 
rent 

1 

Reduc- 
tion of 

aiea, 

per 

cent 

Brinell 

500 3.000 

kg, kg. 

Rods, hot rolled 

20,0(M>- 30,000 70,000- 85,000 

35-45 

50-65 

90-110 110-150 

Sheet: 





Annealed 

20,000- 27,000 60.000- 75,000 

35-45 


80-100 

Cold rolled^ hard . . 

90,000-105, 0(X) 90,0(M)-110,0<K) 

1-2 


130-160 

Wire: 





Annealed 

15,000- 25,000 60,000- 75,000 

20-30 



Hard drawn 

110,000-130,000 120,000-140,000 

1-2 



Castings 

30,000- 40,000 59,000- 70,000 

20-30 


125-150 


Sclero- 

scope 

15-18 

12-14 

30-40 

12-15 
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Nickel and same of its alloys retain their physical properties to a relatively high 
degree at elevated temperatures. The data of Table 4 were obtained by the Inter- 
national Nickel Co. 


Table 4.- -Properties of 99 Per Cent Malleable Nickel and op Some of Its 
Alloys at Elevated Temperatures 


Temper- 

ature, 

degrees 

Fahren- 

heit 

Rolled 

‘‘A” 

nickel 

Hot- 

rolled 

Monel 

metal 

20 per 
cent 
Cupro 
nickel 

Temper- 

ature, 

degrees 

Fahren- 

heit 

Rolled 

“A'' 

nickel 

Hot- 

rolled 

Monel 

metal 

20 per 
cent 
Cupro 
nickel 

Tensile strength, 1000 lb. per sq. in. 

Yield point, 1000 lb. per sq. in. 

70 

81 

81 

63 

70 

24 

32 


200 

82 

80 

61 

200 

24 

31 


400 

84 

79 

58 

400 

24 

29 


600 

83 

78 

51 

600 

23 

28 


800 

83 

71 

41 

800 

21 

27 


1000 

58 

51 

30 

1000 

19 

23 


1200 

45 

30 

18 

1200 

17 

18 


1400 

30 

22 

6 

1400 

13 

12 


1600 

17 

15 






1800 

11 

8 






2000 

8 

5 i 






Elongation, per cent in 2 in. 

Reduction of area, per cent 

70 

51 

46 

28 


70 

69 


200 

51 

45 

27 

200 

68 

68 


400 

52 

44 

26 

400 

68 

66 


600 

51 

51 

24 

COO 

68 

64 


800 

50 

52 

22 

800 

66 

62 


1000 

50 

29 

17 

1000 

75 

31 


1200 

48 

34 

14 

1200 

76 

15 


1400 

50 


23 

1400 

78 

10 


1600 

33 


27 

1600 

32 

15 


1800 

36 



1800 

40 

25 


2000 

70 



2000 

99 

,!i 

29 



Malleable nickel is the only grade in the production of which deoxidizers are used. Deoxidation 
is accomplished by the addition of manganese and magnesium in the crucible or ladle before pouring into 
ingots or castings. The carbon content is adjusted to 0.10 to 0.30 per cent by adding charcoal or nickel 
oxide and the metal raised to pouring temperature (2800 to 3000®F.), If an electric furnace be used, 
the deoxidizers should be added in the furnace if possible. Manganese is added first, either as such oi 
as ferromanganese, to the extent to 0.25 to 2.0 per cent. Magnesium is added to the extent of 1.5 oz. 
per 100 lb, of nickel. It must be held in tongs and plunged below the surface of the molten metal and 
an excess must be avoided. 


The commercial forms of malleable nickel are: hot-rolled and cold-rolled sheets; 
hot-rolled and cold-drawn rods; cold-rolled strip: seamless and welded tubing; pipe; 
wire; forgings; castings; and fabricated forms, such as screen, filter, and wire cloth, 
and wool. The metal may be machined, welded, forged, or brazed. 

At least 12 countries use nickel for subsidiary coinage, and it is largely used for 
household and ornamental stampings and fittings. 

P'or its resistance to corrosion it is used extensively for cooking utensils, dairy and 
Food-handling machinery, laboratory apparatus and equipment for operatkns, diges- 
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tions, evapoiation, and transport in the manufacture of dyes and intermediates, 
essential oils, etc. Kettles, stills, fusion pots, especially for cyanide fusions, and other 
apparatus are made of malleable nickel, castings of which are quite general for heavy 
equipment of this type. Some nickel is used for valve trim. 

For its resistance to oxidation at high temperatures, nickel is used as heat-resisting 
castings, parts of glassmaking machinery, lehrs and annealing furnaces, burner parts, 
as wire for spark-plug electrodes, suspension wires of elcjctric-light bulbs, resistance 
pyrometer tubes, and for combustion boats used in the reduction of tungsten and 
molybdenum oxides. Nickel wire with high manganese content is practically stand- 
ard for spark-plug electrodes. The nickel of the International Nickel Co. con- 
tains 3 to 6 per cent manganese. It has a specific resistivity of 20 microhms per cc. 
and a temperature coefficient of 0.0020 per degree centigrade. 

Rabble shoes of cast nickel, exposed in Kdwards-type roasting furnaces tojsulphur- 
izing and oxidizing ga.ses at 600 to 1000°(1 and to severe abrasion, outlast cast-iron 
shoes about four and a half times. \ 

Electroplating. — Substantial quantities of nickel are consumed in such operations, 
the major portion of which is consumed in the form of platers’ anodes whichWary in 
nickel content from 85 to 99 per cent. The chief impurities contained are ij^m and 
carbon, which in some cas(*s is added especially to promote rate of corrosion\ The 
modern tendency, however, in the.se operations is toward the higher purity product. 
Nickel plating is used for improving in appearance and protecting from corrosion the 
base metal to which it is apijli(‘d. Deposits can be cdfectcal .satisfactorily on iron, 
brass, copper, zinc, and many of th(' common alloys. 

Relatively only a small amount of nickel is used in nonmetallic combinations. The 
sulphate and the double-ammonium sulphate are us(‘d in nickel plating, while the 
carbonate, nitrate, and formate ar(‘ used as sources of reduced nickel for catalysts in 
chemical processes. The oxide is u.sed sometimes for the under, or holding, coat in 
enameling steel and for coloring glazes in pottcuy manufacture. Th(^ hydroxide 
is used in the Edison alkaline storage c(dl, where it is reversibly alt(;red to nickelic 
hydroxide during charging and discharging. 

Nickel-copper Alloys. — Nickel and copj)er are mutually solubh* in all proportions, 
giving solid-solution alloys that are malleable both hot and cold. The malleability 
is obtained by the us<‘ of deoxidizers in the same manner as for nickel. Alloys low in 
nickel have a characteristic pinkish color, wdiich fades progre.ssivcdy until at 25 per 
cent or more nickel the color is similar to that of pure ni(‘kel. 

The alloys used commercially ranges from 2.5 to about 70 p(*r c(‘nt of nickel. For 
special pioperties, charact(‘ristic of the alloys of different nickel (jontent, they are used 
for driving bands for shells, bullet jackets, condenser tubes, resistance to corrosion 
and erosion, turbine blading, coinage, valve seats and parts, re.sistance and pyrom- 
eter wire, and rernelting purposes. Most of the alloys are known by special names 
in the industry. More comj)l(»te information is given in the references cited in the 
Bibliography at the (*nd of this chapter. 

Monel Metal. — Momd iiuital is the trade-marked name of a niekel-copper alloy 
which contains approximately 67 per cent Ni, 28 per cent (hi, and 5 per cent of con- 
stituents of lesser importance, chiefly iron and manganese. It was originally n 
natural alloy, there being no separation of the two major constituents nor alteration 
of their relative proportions in the process of reduction from the ore in which both 
occur, but it is now corrected to a constant composition. This alloy resembles nickel 
in color, finish, and properties. It combines, in a single alloy, high mechanical prop- 
erties with resistance to corrosion, oxidation, and erosion. Its mechanical properties 
are retained to a large extent at elevated temperatures, as may be seen 
Table 4. 
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This metal may be rolled, drawn, cast, forged, machined, welded, and soldered. 
It may be had m the form of pig, shot, hot-rolled and cold-rolled sheets, hot-rolled 
and cold-drawn rods, bars, strip, wire, welded tubing, castings, forgings and fabri- 
cated forms, such as wire screen and cloth, filter cloth, bolts and nuts, nails, tacks. 
rivetS; cable, chain, and balls. 

The properties of Monel metal are given in Table 5. 

Table 5. Physical Properties op Monel Metal 

Density (specific gravity), 8.84. 

Weight per cubic incJx, 0,319 lb. 

Melting point, 1300 to ISSO^'C. (2370 to 2460''F.). 

Shrinkage (pattern), 34 P^^r ft. 

Linear coefficient of thermal expansion: 

25 to 100°C,, 0.000014 per degree. 

25 to 300°C., 0.000015 per degree. 

25 to 600°C., 0.000016 per degree. 

Electrical resistivity, 256 ohms per mil. ft. (42.5 microhm-cm.). 

Conductivity about 4 per cent of that of copper. 

Coefficient of electrical resistivity, 0.0019 per degree centigrade, or 0.0011 per 
degr(‘e Fahrenheit. 

Optical reflection coefficient, 60 per cent. 

Thermal conductivity, 0.06 e.g.s. units (about 7 per cent of that of copper). 

Specific heat (20 to 1300°C.), 0.127 cal. per g. 

Latcmt heat of fusion, 68 cal. per g. 

Magnetic induction at 100 gausses field strength; 

C-ast metal, 500 gausses. 

Rolled in (‘lal, 1000 to 15(X) gausses. 

Magnetic transformation point, 93 to 95°C, 

Young\s modulus of clast i(dty, 26,000,000 lb. per sq. in. 

Torsional modulus, 9,500,000 lb. per stp in. 

C^ompression tests on hot-rolled rods showed: proportional limit, 35,000 to 40,000 
lb, per sq. in.; yit;ld point, 60,000 to 70,000 lb. per sq. in. Ilosistance to alternating 
stress in rotating-beam machines, approximately 100,000,000 alternations at propor- 
tional limit, i.e.y the endurance safe limit. Izod test , 100 ft.-lb. on standard specimen. 
Charpy test (standard test piece), hot-rolled rod, 100 to 200 ft.-lb. to rupture. 

Chemical Properties and Uses. — Monel metal is widely used for its resistance to 
corrosive conditions. It is used against anhydrous ammonia, either liquid or gaseous; 
ammonium hydroxide solutions; solutions of or fused caustic alkalies and carbonates; 
fatty and other organic acids; sea w'ater; solutioms of neutral salts; gasoline and 
mineral oils; phenol and cresols; photographic chemicals, except solutions containing 
silver, urine, dry mercury, dyeing, and bleaching solutions; alcoholic and other 
beverages. It is also highly resistant to sulphuric, dilute phosphoric, hydrocyanic, 
hydrofluoric, acetic, and citric acid.s, fustnl cyanides, ferrous sulphate, and dry 
chlorine. The metal is attacked by solutions that are strongly oxidizing or contain 
easily reducible compounds and by molten lead and zinc. It is not resistant to 
hydrochloric, nitric, nitrous, sulphurous, chromic, or concentrated phosphoric acids 
or to solutions of ferric salts. 

It is used for marine propellers, deck hardware, and parts of ships exposed to the 
action of sea water; pumps, pump liners, rods and valves for sea water, mine waters, 
and corrosive solutions generally; mining machinery; mine screens; machinery and 
ctpiipment for dyeing and l)leaching; miscellaneous parts of apparatus exposed to 
corrosive conditions in the chemical and oil industries generally; screen cloth, filter 
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cloth, roofing, etc. Monel-metal pins and rods in sulphuric acid pickling tanks in 
the steel industry have exceptionally long life. Large quantities of metal were used 
in roofing the train sheds of the Pennsylvania Terminal, New York City, the Chicago, 
Northwestern Terminal, Chicago, and the Central Railroad of New Jersey Terminal, 
Jersey City, N. J. 

For the finish which it may be given as well as for its resistance to corrosion. Monel 
metal has been largely used for washing machinery, dairy equipment, cooking utensils, 
hotel, hospital and restaurant equipment, apparatus for the manufacture of food 
products, knives, golf heads, small fittings, trim, and stampings. 

Monel metal is resistant to erosion and retains much of its strength at high tem- 
peratures. It is used for these properties for turbine blading, gas-engine valves, 
seats and spindles in pressure valves, plugs in oil stills, etc. It will resist oxidation 
satisfactorily at temperatures up to 800°C., but should not in general be used at higher 
temperatures. Monel metal is used to some extent as resistance wire and as spark- 
plug electrodes. \ 

Copper-nickel -zinc Alloys. — These alloys are known collectively as German 
silver or nickel silver. They are used in a wide variety of compositions and under 
various trade names for cutlery and table flatw^are, keys, jewelers’ wire, brazinglsolder, 
watchcases, etc. For some uses, small amounts of lead or iron are added, b\it the 
general range of compositions falls within the limits Ni, 5 to 30; C\i, 45 to 75; arid Zn, 
5 to 30 per cf^nt. The alloys are white to slightly yellowdsh in color, mallea])le hot 
or cold, easily w^orked, and obtainable in the usual brass-mill shapes. They are also 
used in the form of sand castings. Manufacturer’s recommendations should be 
sought for the correct alloy for any specific purpose. 

These alloys take an agreeable finish, and many are resistant to corrosion. (Con- 
sequently, considerable quantities are used for ornamental castings and stampings, 
plumbing fixtures, and parts of food-handling apparatus. Some metal, in the form 
of wire, is used as a high-resistance metal in electrical work. 

nickel -chromium Alloys. — Nickel-chromium and nickel-chromium-iron alloys 
are very highly resistant to oxidation at high temperatures and to chcunical corrosion, 
particularly under oxidizing conditions. They are malleable and are us(‘d both in 
the wrought form for wire, etc., and almost entirely in tlie cast form for annealing 
boxes, carbonizing boxes, furnace parts, enameling racks, etc. Theses alloys have high 
electrical resistivity with low'-temf)erature coefficients and are used in large quantities, 
as wire or ribbon, for heating elements in electrical apparatus and for other electrical 
properties. They are marketed under various trade names and range in composition 
as follow^s: Cr, 5 to 20 per cent; Fe, 5 to 40 per cent; Ni, balance. 

Nickel Steels and Nickel-iron Alloys. — Nickel and nickel-chromium are the 
most widely used of alloy steels. Ordinary nickelsteel containing about 3J4 per 
cent nickel is used for automobile parts, bridge and stnictural steel, die blocks, 
locomotive forgings and castings, machine and machine-tool parts, ordnance, and 
power-plant equipment. These steels are used mainly in the heat-treated condition, 
in which form nickel refines the pearlite grain and increases hardness, yield point, and 
tensile strength without notably reducing ductility. Fatigue resistance and endur- 
ance under alternating stresses are increased and segregation is lessened. The addi- 
tion of chromium to nickel steels increases the beneficial effects of nickel, and such 
steels are used to as great or greater extent than straight nickel steels as heat-treated 
forgings for automobiles and other construction. Molybdenum-nickel steels are also 
in general use. 

Nickel steel of low carbon content (0.1 to 0.2 per cent) is superior to carbon steel 
for casehardening both in uniformity of case and in mechanical properties of core after 
heat-treatment. 
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'*®®^ within the limit: Ni, 

3.25 to 3.75; Mn, 0.5 to 0.8; and C, 0.1 to 0.5 per cent Five per cent nickel steel is 
used for casehardened parts to withstand particularly severe service conditions. 

Nickel-chromium steels are described as low, medium, and hiRh, and they range in 
composition as follows: Ni, 1.0 to 3.75; Cr, 0.45 to 1.75; and Mn, 0.30 to 0.80 per 
cent. The high nickel-chromium steels are used where particularly high physical 
properties are desired in all carbon ranges. 

Nickel-iron alloys relatively high in nickel exhibit remarkable magnetic properties 
and wide variation in their thermal expansivity in normal temperature ranges. Many 
are also resistant to corrosion. Invar, 36 per cent nickel, has an extremely small 
coefficient of expansion at ordinary temperature and is used for measuring tapes, parts 
of precision instruments, etc. 

Nickel and nickel-chromium cast iron is being used commercially today for rolling- 
mill parts such as rolls, mill guides, pipe-bending dies, pipe balls, etc., for automobile 
engines and other cylinder castings, for pistons and piston rings, for cast-iron cams, 
for sheet and plate metal forming dies, in various thin section castings, prominently 
resistance grids— the amounts used varying from as little as 0.10 per cent (hut usually 
not less than about 0.40 p(*r cent) up to 5.0 per cent nickel and from 0 to 0.50 per cent 
chromium. 

The principal useful ('ffects of nickel and suitable nickel-chromium combinations 
in gray iron have proved to be the following: (1) to increase strength from 10 to 50 per 
cent, requiring 0.50 to 1.0 per cent nickel together with 0 to 0.50 per cent chromium 
depending on the grade of iron, a higher silicon iron requiring a greater addition of 
chromium; (2) to increase hardness 20 to 50 points Brinell without impairing machin- 
ability, requiring similar amounts of alloy; or raising the hardness 100 points Brinell, 
with the iron still remaining nmchinable, but less readily so, with larger amounts of 
alloy; (3) to reduce edge, surface, and corner chilling on thin sections or eliminate hard 
spots in castings made with comparatively hard iron and thus improve machinability, 
requiring 0.50 to 5 per cent nick(‘l depending on conditions; (4) to increase toughness 
and deflection particularly of thin section castings by eliminating chill and hard spots, 
requiring also 0.50 to 5 p(*r cent nickel; (5) to refine grain and produce denser, less 
open castings requiring from 0.15 to 1.0 per cent nickel together with small amounts 
of chromium if desirable; (6) to eq\jalize hardness and strength and machinability 
over large sections or betwcnui small irregular se'ctions. 

(^ast iron is itself a most complex and variable material, and the use of these alloys 


in conjunction with it rc'quin^s careful adjustment of the amount of the additions to 
the grade? and composition of iron used as well as to the type and section of casting 
in question. Disappointing results may be obtained when alloy additions are made 
that are not suited to the particular conditions, and some tests have been made also 
on cast iron of high alloy content — \ip to 30 per cent nickel — and consideration is 
invited to their interesting and unusual properties as suited to special applications. 

Miscellaneous Alloys. — Illium, a complex alloy of Ni and Cr with lessor amounts 
of Cu, Mo, W, Mg, Fe, Al, and Si, is very highly resistant to corrosion. It is prac- 
tically unattacked in 25 per cent nitric acid solution. 

Nickel-manganese, nickel-copper-manganese, and nickel-aluminum alloys are 
used in the form of r(?sist.ance wires and as parts of pyrometer thermocouples. 

Nickel has b€?eii added in small amounts to many other alloys of industrial impor- 
bince, in which it acts chiefly io increase hardness without decreasing ductility, 
bight aluminum alloys, ahimiiium bronzes, and some brasses and bearing metals are 
b» be noted in this connection. 

Nickel alloys have been used as substitutes for platinum ware, and so-called white 
K'>ld is an alloy of nickel and gold. 
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A high-silicon nickel alloy in the form of shot and containing up to 5 per cent silicon 
is used for tumbling and burnishing purposes. It is harder than iron and does not 
rust. 

Alnico, the remarkable magnet material, contains Al, 10; Ni, 18: Co 12; Cu, G; 
Fe, 54 (C. W. Drury, Mineral Ind.^ 1938, p. 114). 
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CHAPTER XXII 

TUNGSTEN, VANADIUM, URANIUM, AND MOLYBDENUM 

H. A. Doerneri 

Introduction. Among the elements usually thought of as rare, vanadium, urar 
niuni, tungsten, and molybdimum stand out because of their importance in ferroalloys, 
these are, therefore, treated at length in this section. It is, however, also necessary 
to consider uranium as the mother of radium, and to treat it in that connection, which 
is done in the succeeding chapter. 


VANADIUM 

(Atomic weight = 51.0) 

Occurrence.— Vanadium is never found free in nature. Its ores are fairly widely 
distrihut(*d, but seldom occur in quantity in any one locality. The principal ores are 
patronite, roscoelite, carnotite, vaiiadinite, cuprodescloizite, zinc descloizite, mottra- 
mite, and pucherite. Small concentrations of vanadium have been found in certain 
iron ores, in phosphate rocks, and in carbonaceous materials such as oil, oil shale, and 
coal. Flue dust from the combustion of Venezuelan oil contains 20 to 40 per cent 
VaOb. Vanadium is now being recovered as a by-product from these low-grade 
s<)urc(‘s, because a constantly increasing demand is depleting the important ore 
deposits. 

Patronite is an impure vanadium sulphide found in Minasragra, Peru. The 
composition is approximately V 2 S», and it is associated to a certain extent with car- 
bonaceous material, pyrites, and free sulphur. The area in which the ore lies^ is along 
the western limit of a broad anticline in Jura-Trias and Cretaceous rocks. A section 
shows the series in this locality to be composed of green shales, thin beds of limestone, 
and red shales. Vanadium is found only in the red shales. The deposit proper 
appears to be a lens-shaped mass, 28 ft. wide and 250 ft. long. The mineral that con- 
stitutes the larger portion of the deposit has been called “quisqueite,” It is a black 
carbonaceous substance containing sulphur, with a hardness of 2.5 and a specific 
gravity of 1 .75. There is also a lesser quantity of a cokelike material with a hardness 
of 4.5 and a specific gravity of 2.2. Neither of these contains vanadium. The vana- 
dium is mostly in the southern end of the ore body, and to a depth of 20 ft, is largely 
in the form of a red calcium vanadate, and carries as much as 50 per cent vanadic 
oxide. It occurs in pockets and fills the cracks and fissures in a fine shale. 

Below this shale is the mother lode. It is 9 to 30 ft. thick and extends along 
the greater length of the deposit. It carries as high as 10 per cent vanadic oxide and 
n(‘arly as much sulphur. On the east and south sides below the mother lode is found 
hard blue-black vanadium shale carrying as much as 13 per cent vanadic oxide and 
t to 5 per cent sulphur. Patronite, the main vanadium mineral, is greenish-black 
'Old has a hardness of 2,5 and a specific gravity of 2.71, It contains 19 9o 24.8 per 

^ Euginoer in charge, U. S, Bureau of Mines Experiment Station, Pullman, Wash. 

D. F„ Eno. Mining Jour,, Vol. 82} p. 385, Sept. 1, 1006; Hillbbrand, W, F.. Am, 
8oc„ Vol 20, p. 1010, 1007, 
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cent vanadic oxide and sometimes 50 per cent of combined sulphur. This deposit 
in Peru constitutes the largest known source of vanadium at the present time and 
furnishes the Vanadium Corp. of America with its major supply of ore. As this 
company has been the largest producer of ferrovanadium and vanadium compounds in 
the world, patronite is by far the most important ore of vanadium from the com- 
mercial standpoint. 

Roscoelite, or vanadium mica, is the second most important vanadium mineral 
commercially. It has a somewhat indefinite composition, the formula H8K2(MgFe)- 
(AIV) 4(8103)12 representing its composition fairly well. It exists in minute scales of 
a brown to greenish-brown (;olor. Sometimes the color is actually green. The 
specific gravity is 2.92 to 2.94. It is found in many localities, but the extensive 
deposits in San IVIiguel and Montrose counties, Colorado, are the only ones ithat have 
been exploited extensively. 1 

Carnotite is mainly of importance on account of its uranium and radiunl content, 
but also carries usually 3 to 5 per cent V2O6 in ordinary commercial oris. It is 
found mainly in southwestern Colorado and eastern Utah, but also exists in smaller 
quantities in other localities, such as South Australia and Portugal. It is a potassium 
uranyl vanadate of the following approximate composition: K2O.2UO3.V2Oi.3H2O. 
The crystals arc canary yellow in color and usually exist as incrustations on other 
minerals, or are disseminated through a sandstone in which they are usually found. 
It also contains small traces of calcium and barium. Other d(‘posits of vanadiferous 
sandstone similar to roscoelite or carnotite have been mort* recently discovered in 
(-olorado and Utah; of these one near Rifle* in Garfield ('ounty, C/olorado, appears 
capable of considerable production. Another is reported in Emery ( V)unty, Utah. 

Vanadinitc, or lead vanadate, is wich'ly distributed, especially in certain of the 
western states of the United States, particularly Arizona, New Mexico, Nevada, and 
California. The largest deposits are in Arizona, where it is fniquently associated 
with \^'ulfenite, or lead molybdate. The d(‘posits arc almost always low grade, and 
for this reason this min(jral has not been used to any great extent as a source of 
vanadium in the United States. In Mexico, the vanadinitc occurs at Villarosales, 
Chihuahua. In Spain, important deposits of vanadinitc^ occur near Santa Marta, 
Estramadura. The ore is found in a sandstone that contains on an average 3 per 
cent vanadic oxide. This can be concentrated, and these deposits supplied most of 
the vanadium used in the world up to the opening of the Peruvian mines. The 
mineral occurs in pri.smatic hexagonal crystals, and has a specific gravity of 6,6 to 
7.11. It varies in color from ruby red to yellowish and even browm. 

Cuprodescloizite is a hydrated lead-copper vanadate of the probable composition 
(PbCu)2(0H)V04. Commercial samples of the ore may carry as much as 23 per 
cent PbO, 7 per cent CuO, and 8 to 10 per cent V2()6. The largest deposit of this 
mineral known at the present time is in the Shattuck mine at Bisbee, Ariz., although 
it is found in a few other localitie.s in the Unit(*d States. 

Zinc descloizite is a mineral very similar U) cuprodescloizite, where the zinc replaces 
the copper. It is found in Nevada, especially around Goodsprings, in New Mexico, 
in Arizona, and in Argentina. There has been a considerable production of vanadium 
from descloizite obtained as a by-product in the treatment of zinc ores at Broken Hill, 
Rhodesia. Mottramite, a vanadate of lead and copper, and pucherite, a bismuth 
vanadate, are of less<jr importance than the minerals already described. Mottramite 
has been produced and shipped from Tsumeb, Southw(ist Africa. 

£xtra<kion from the Ores. — The method of extraction that can be used for van.i- 
dium ores varies materially with the ore and its grade. In general, a different metal- 
lurgical process must be used for every mineral treated, although there are, of com? f‘, 
some general similarities between the methods used. 
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Patronite is treated by first roasting in order to eliminate the sulphur as far as 
possible. It can then be leached with sulphuric acid, filtered, and the filtrate evapo- 
rated to a crude vanadic oxide, or the roasted ore can be leached with alkali, sodium 
carbonate or caustic soda, which will dissolve the vanadium as sodium vanadate. 
From this a high-grade vanadic oxide can be obtained by acidifying with sulphuric 
acid. More recently, the roasted concentrate is reduced directly to ferrovanadium in 
an electric furnace. 

Roscoelite has been treated for many years in plants at Newmire, Rifle, and Urvan, 
Colorado. The crushed ore, mixed with salt and often a small amount of pyrites, 
is roasted to convert the vanadium to a water-soluble vanadate. After the latter is 
extracted by leaching with hot water, vanadic acid is precipitated by boiling the 
acidified solution. This precipitate is separated by filtration, dried, and then fused 
to remove combined water. A high-grade product contauiing 88 per cent VjOfe thus 
obtained is usually converted to ferrovanadium by reduction in an electric furnace. 

At first, carnotite was treated primarily for its radium content, and vanadium 
w^as considered a by-product. Since the advent of low-cost radium from the Belgian 
Congo and northern ( -anada, tln^se ores are primarily a source of vanadium, whereas 
radium and uranium are now' only by-products. Early metliods that do not obtain 
a high recovery of vanadium have been abandoned or modified.^ 

Metallurgical methods for the treatment of carnotite are discussed more fully 
in the chapter on radium. They may be classified by their initial operation as (1) 
acid leach; (2) digestion, and extraction wdth sodium carbonate solution (usually with 
some free caustic); (3) bisulphatc (niter cake) fusion; (4) other sintering or fusion 
treatments. Of the acid methods, sulphuric gives the best extraction of A'anadium, 
hydrochloric is also good, but nitric acid is very inefficient and n^iuires a subsequent 
alkaline k^ach. Sodium carbonate solution also gives a poor extraction of vanadium 
even at autoclave temperatures. Fusion with niter cake, followed by a water leach, 
extracts the vanadium completely. Mkaline fusions may also give high recoveries, 


but are unsatisfactory because of furnace-lining and filtration difficulties. 

From a soda solution, uranium is precipitated by sodium hydroxide after neutral- 
izinR the carbonate. The vanadium is obtained by neutralizing the filtrate from the 
uranium and either adding a slight excess (0.05.V) of sulphuric acid and boiling to 
precipitate vanadic acid, or adding a metal salt (ferrous sulphate, calcium chloride) to 
form the corresponding vanadate. From an acid leach, vanadium is precipitated 
with uranium and a portion of the basic elements present by e-arefully neutralizing and 
boiling. When sulphuric acid is present in large excess, it is economical to neutralize 
most of it with lime or limestone and filter off the calcium sulphate before precipitating 
the vanadium. In some cases the vandium precipitate is reduced to forroaUoy, but 
usually additional refining is necessary. This may be accomplished by extracting the 
precipitate with hot soda solution and precipitating as previously described for 

alkaline solutions. , . , i .4 

Vanadinite was originally treated by leaching with sulphuric aeub 1 his di^lv^ 
the vanadium and left the lead as insoluble lead sulphate, from which the lead could 
he recovered by smelting. The process was not a success, because the action stoPP«d 
after a short time, owing to the crystals of the vanadinite being coated with the lead 
sulphate, which prevented further action. J. E. Conley has thorough y « the 
' reatment of vanadinite.* The method recommended by him is to fuse 
concentrate with a mixture of soda ash and caustic soda, w iic gives a 
and a be.tter recovery than soda ash alone. Ihe lead is recovere as m > 


■ Proee™ lor ExtraoUu* Uadiom from Carnotite. V.S. Bur. Sept.. 

COST, December, 1930. 

* Chun. Mit. Eng., Vol. 20. No. 10. p. 6t4. 
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and the vanadium is precipitated by means of slaked lime, giving calcium vanadate 
as a product. If any trace of molybdenum is present, the latter metal does not come 
down with the vanadium and is thus eliminated. The calcium vanadate can be 
treated with sulphuric acid, the precipitated calcium sulphate filtered off, and the 
vanadium recovered as high-grade vanadic oxide. 

Cuprodescloizitc has never been treated commercially, but, as it constitutes an 
important and potentially fairly large source of vanadium, Conley^s method is of 
interest.^ The object is to recover the lead, copper, and vanadium. Conley found 
that a sulphuric acid leach gives a fairly satisfactory extraction, but his preferable 
method is to subject the ore to a preliminary fusion with niter cake, followed by a 
hot-water leach, and then treat the residue with sulphuric acid. By heating the 
ore with an equal weight of niter cake, approximately two-thirds of the ore can be 
decomposed and the corresponding values extracted. The remaining values are then 
extracted by leaching the residue with about one-half as much acid as is reqinred in a 
straight acid treatment. \ 

Zinc descloizite up to the present time has not been treated commercially. The 
principal deposits in Nevada carry considerable quantities of calcite, wliich make an 
acid treatment expensive and, therefore, undtjsirable. Doerner* has shown \that a 
more economical method is the fusion of zinc descloizite concentrate with carbon, 
caustic soda, and soda ash to convert the vanadium to water-soluble sodium vanadate 
and separate the lead and precious metals as bullion. 1"he vanadium is leached from 
the slag, acidified with sulphuric acid, and precipitated as vanadic acid by boiling 
with steam. 

Most vanadium ores are not reiadily amenable to conctmtration. Patronite is 
partially concentrated by roasting. Roscodite w as never concentratcHl at Newmire, 
Colo., the ore being treated direct. The writer, however, knows of oiu) gold ore in 
California containing roscoelite from which a high-grade vanadium concentrate has 
been obtained during the concentration of the ore for gold, (/arnotite has been con- 
centrated by both sliming and dry concentration, t.e., attrition and dusting. Prelimi- 
nary roasting increases the extraction, especially with carbonaceous ores. Vanadinite 
is easily concentrated by the usual methods involving tables and slimers. It is, 
however, difficult to separate vanadinite from wulfenite, a mineral with which it is 
frequently associated, owing to the fact that both minerals have almost the same 
specific gravity. Cuprodescloizitc and zinc descloizite will also concentrate on tables 
and slimers, but no commercial plants are known to the writer. The main difficulty 
is a high loss in the slimes. 

Metallic Vanadium. — Metallic vanadium has been produced by Gin® by the 
electrolysis of a solution of vanadium trioxide in fused calcium vanadate. The 
material may also be prepared by the aluminotherrnic method, and by reducing 
the dichloride in hydrogen, in which case the metal i.s a light w hitish-gray powder. 
The metal has a hardness greater than that of steel or quartz. It takes a good polish 
and is not affected by air. If the powdered metal i.s thrown into a flame, or rapidly 
heated in oxygen, it burns brilliantly. Its specific gravity at 15® is 5.5. 

Ferrovanadium. — As the principal use of vanadium is in steel and as the vanadium 
is added to the steel in the form of ferrovanadium, the manufacture of this product is 
of great importance. Formerly, 75 per cent of the ferrovanadium produced in this 
country was made in the openhearth or crucible furnace by a modification of lh^' 
Thermit process, using aluminum as a reducing agent. ** The remainder was produced 

» 1 Chem. Met. Eng., Vol. 20, No. 9, p. 466. 

*^U, 8. Bur. Minee RepU, Inveetigations 2433. ’ 

*Bleetroehem. Met. Ind., 1009, No. 7, p. 264. 

^BuU. AJ.M.E., August, 1919, p. 1342. 
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by the electric furnace^ using 90 per cent silicon as the reducing agent. Recently, 
the difficulties of reduction with carbon in the electric furnace have been surmounted.^ 
thus eliminating expensive reducing agents. 

A satisfactory ferrovanadium for commercial purposes contains 30 to 40 per cent 
vanadium and not more than 0.5 per cent C, 1 per cent Si, 2 per cent Al, 0.1 per cent 
S, and 0. 1 per cent P . It has a good fracture, is not crystalline, and is bright gray in 
color, loo much carbon is injurious, because it makes a carbide with the vanadium, 
which is not satisfactory in steel making. In the aluminothermic or Goldschmidt 
method, vanadium oxide or iron vanadate is reduced with aluminum shot in a gas- 
fired openhearth furnace, slagging off the alumina by the addition of soda ash or 
fluor spar. When the oxide is used, iron turnings must also be added. The process 
is exothermic, but it is sometimes necessary to apply external heat in order to main- 
tain the temperature required for a fluid melt. I'his may also be accomplished by 
adding oxidizing agents, such as niter, intimate mixing, and rapid rate of feed, with 
large scale of operation. The use of iron vanadate requires more aluminum than the 
oxide. When applied to complex ores, this method presents great difficulties, as the 
charge must be calculated so as to eliminate all undesirable elements in the slag and 
at the same time produce a good recovery of high-grade alloy and the proper amount 
of heat. 

Silicon or ferrosilicon gives a satisfactory reduction in the electric furnace. The 
raw materials reqiiired are steel turnings, vanadium oxide, silicon, lime, and fluor spar. 
If iron vanadate is used, the steel turnings are not added. All material should be low 
in phosphorus, but sulphur can be eliminated with the slag by remelting. 

In the method developed by Saklatwalla for electric-furnace reduction with car- 
bon, the ore-flux mixture is fed contin\iously into a localized zone of extremely high 
temperature?, which is obtained by high voltage and current density, combined with 
close spacing of the electrodes. In this way the vanadium is supposed to be reduced 
directly from the pentavalent form to the metal, without the intermediate formation 
of the infusible and insoluble lower oxides that caused trouble in previous attempts. 
The furnace is three-phase, rectangular, with water-cooled bushings for three 12-in. 
graphite electrodes. It is automatically charged through water-cooled bushings in 
the cover. 

The melting point of ferrovanadium, practically free from other elements and con- 
taining 40 per cent vanadium, is about 1480°C. The melting point becomes gradually 
lower as the amount of vanadium is decreased until 35 per cent is reached, when it 
melts at 1425°C., and remains stationary until the alloy contains 30 per cent. At this 
point the melting point gradually rises to about 1450°C. 

Uses of Vanadium. — The chief use of vanadium is for making vanadium steel. 
The general effect of this rare element on steel is to increase the elastic limit and 
tensile strength without reducing the ductility. It is usually alloyed with chromium 
or manganese to give chromium-vanadium or manganese-vanadium steel, and is also 
used in openhearth and high-speed tool steels. Vanadium is found in much of the 
steel us(?d in motor cars, locomotive axles, rock drills, etc. The metal causes oxides and 
nitrides present to pass into the slag, and a certain portion of it also goes into solid 
solution, rendering the metal more coherent and less liable to disintegration. The 
<iuantity of vanadium added to steel is small, the amoimt usually being between 0.1 
niid 0.4 per cent. 

Other uses for vanadium arc as alloys with copper and aluminum. These alloys 
'nake excellent castings. It has been used in photography for toning silver bromide 
plates to a green color. Vanadium salts have also been used in pottery and glass, 
‘‘ud as mordants. 

' Saklatwalla, Jour, Jnd. Sng. Cfeem,, Vol. 14, No. 10, p, 908. 
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The chemical activity of vanadium and the large variety of its compounds will 
probably lead to a much wider chemical use. Vanadium pentoxide is used as a 
catalyst in the synthesis of ammonia and also in the oxidation of sulphur dioxide. 
The catalyst is prepared by heating briquettes made of 10 parts alumina and 1 part 
ammonium vanadate. ^ 

Analytical Methods for Vanadium. — Vanadium in an ore can be recognized 
qualitatively in the following manner: The ore is ground and boiled with hydro- 
chloric acid, filtered, and to the cold acid solution hydrogen peroxide is added. A 
deep-red color indicates the presence of vanadium. In a mineral such as roscoelite, 
which is with difficulty soluble in hydrochloric acid, the ore should be fused with 
sodium carbonate, leached with water, filtered, and the filtrate made acid with 
hydrochloric acid. On adding hydrogen peroxide, the red color will then bef obtained. 
The choice of a quantitative method will depend on the ore, or vanadium opmpound, 
to be analyzed. Full analytical details are given in U. S. Bureau of M inckBuUeiim 
70 and 212. The following method is quick and applicable to a large mriety of 
vanadium ores, especially those which contain little insoluble material and are decom- 
posed by acids. Weigh out a 1-g. sample of the pulverized ore, and add 25 cc. of 
concentrated hydrochloric at^id. Heat on a hot plate to a small volume, then add 
10 cc. of concentrated nitric acid and continue heating until d(jcom position is complete. 
Remove from the hot plate, cool, and dilute to about 25 ec. Now add 10 cc. of con- 
centrated sulphuric acid, and heat to copious fumes. 

CJool slightly and carefully add about half a gram of potassium permanganate. 
Again heat and cool, then add 5 C(\ of water and 10 cc. of hydrochloric acid and 
evaporate to copious fumes of sulphur trioxidc. Repeat with two more evaporations 
of 5 cc. of hydrochloric acid, (.’ool and dilute to about 150 cc., warm to dissolve 
the ferric sulphate, and then titrate at 70 to 80° with 0.05iY KMn04 to a pink' which 
persists for half a minute. It is advisable to run a blank determination, which usually 
requires 0.4 to 0.5 cc. of 0.05.V KMn04. Fe factor X 1.03 = V20b. In an insoluble 
mineral, such as roscoelite, it is advisable to filter off the insoluble material and to 
treat with hydrofluoric and sulphuric acids in the usual manner to eliminate the silica, 
and then to redissolve in a mixture of hydrochloric and nitric acids. The method is 
applicable in the jjresence of large amounts of iron; molybdenum does not interfere; 
and arsenic, if present only in small amount, may be overlooked. Large amounts of 
arsenic, however, should be removed by first passing sulphur dioxide through the 
solution after evaporating the first time to sulphur trioxidc fumes, boiling off excess, 
and passing in hydrogen sulphide. Chromium interferes, but is seldom met in 
vanadium ores. 


URANIUM 

(Atomic weight = 238.2) 

Occurrence. — The principal ores carrying uranium are pitchblende, carnotite, 
autunite, and torbernite. Pitchblende is an impure uranium oxide with rare earths, 
carrying traces of lead, calcium, iron, bismuth, manganese, copper, silica, and alumi- 
num. The specific gravity varies from 6.4 to 9.7, and the hardness is usually about 
5.6. Carnotite is described undek Vanadium. Autunite is hydrated uranium- 
calcium phosphate, with the formula Ca(U02)2(P04)3.8H20. It is a bright-yellow 
mineral, usually crystallizing in orthorhombic plates, and has a specific gravity of 
3.5 to 3.9. Torbernite is a copper-uranium phosphate with the formula Cu(U02)2~ 
P2O8.8H2O. The crystals are tetragonal with a pearly luster and of an emerald-green 

> U. S. ratente 1420201 to 1420203. 
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color The specific gravity is 3.4 to 3.6. A further description of uranium minerals 
and their distribution can be found in the chapter on radium. 

Exteaction from the Ores.— All uranium minerals carry radium. The amount 
of radium is usually proportional to the amount of uranium present, although this is 
not always the case. In primary minerals the equilibrium amount of radium is 
present, but in secondary minerals, such as autunite and torbernite, the proportion 
of radium to uranium varies and is often as low as 60 or even 50 per cent of the equilib- 
rium amount. Notwithstanding this fact, uranium minerals are now always treated 
for their radium content and not for the uranium, the recovery of the latter being of 
secondary importance. Consequently, the metallurgy of uranium is really the 
metallurgy of radium, and full details concerning the treatment of uranium ores will 
be found in the chapter on radium. In order to obtain the uranium alone, practically 
the same methods that are used for the extraction of radium can be used, the only 
difference lying in the fact that the radium need not be precipitated as a radium- 
barium sulphate, this stop being omitted. Any method that gives a good extraction 
of the radium may be used to recover uranium, as it is necessary, of course, to decom- 
pose the mineral thoroughly in order to get the radium. 

Uranium is usually recovered as sodium uranate, carrying considerable vanadium. 
The oxide (UO 2 ) may be prepared from this by the Parsons method, which consists 
of fusing the sodium uranate with salt and a little carbon. The fused product is 
leached and washed, cjvery thing going into solution except the IJO 2 . 

For analytical purposes, uranium can be extracted from one of its ores by fusing 
with an excess of sodium carbonate. The melt is broken up, boiled with water, and 
filtered. The uranium goes into solution as the double carbonate of sodium and 
uranium, and will contain only small traces of aluminum and iron. On the addition 
of caustic soda in excess, followed by boiling, the uranium is precipitated as sodium 
uranate. If an ore is treated which also carries vanadium, the latter element wDl also 
be found in solution with the uranium. On the addition of sodium hydroxide, the 
uranium is precipitated, as already stated, and the vanadium remains in the filtrate. 
It is practically impossible, however, in such a case to precipitate the uranium free 
from vanadium. Commercially, the pretupitate nearly always carries 5 to 8 per 
cent V 2 O 6 . The formula of sodium uranate is Na 2 U 207 , and it usually possesses 6 
molecules of water of crystallization. 

Concentration Methods. — Most uranium minerals can be concentrated mechani- 
cally. This is largely due to the fact that the specific gravity of these minerals is 
high, particularly pitchblende. Pitchblende can be concentrated by the use of jigs, 
tables, and slimers. On the table it appears as a black streak representing the 
heaviest mineral present. Next to this is pyrite, and usually a portion of the pitch- 
blende is found in the pyrite, which constitutes a middling that must either be reground 
and re-treated, or handled chemically. As the crystals of carnotite are extremely 
small, this mineral is not amenable to ordinary concentration methods. It can, how- 
ever, be concentrated in two ways: (1) by dry methods, and (2) by sliming. The 
most satisfactory dry method involves the use of the ordinary Raymond pulverizing 
machine with a tubular dust collector. This has a beater chamber containing two 
sets of rapidly revolving beaters. Over the chamber is a cone of galvanized iron, 
within which is an inner cone, provided at its lower end with a swinging discharge 
gate. The two cones are connected at their upper ends by a number of small gate 
shutters and have a common top or cover plate. A large pipe from the center of the 
top leads to an exhaust fan, mounted on the same shaft as the beaters. Ihis fan 
discharges into a cyclone dust and air separator, which is connected by a return pipe 
with the beater chamber of the pulverijser. A small pipe leads from this return pipe 
to a tubular dust collector. The Raymond miU is used extensively to pulverize 
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cement, paints, etc. In the sliming method the ore is ground and then stirred in 
water, getting as much attrition as possible in order to remove the carnotite crystals 
from the silica grains. The latter settle quickly, and the carnotite with other fine 
material is slimed off into another vat and allowed to settle. Undoubtedly, torbernite 
and autunite could be concentrated in the same way as carnotite, but up to the 
present this has not been commercially carried out. 

Metallic Uranium. — Metallic uranium was first prepared in the electric furnace 
by Moissan.^ He used 300 parts of UjOg and 40 parts of sugar charcoal and reduced 
the mixture in a carbon tube in the electric furnace. The crude product contained 
carbon and was purified by heating in a crucible, brasqued with UgOs. This crucible 
was embedded in another brasqued with titanium, the object being to prevent action 
of nitrogen on the reduced uranium. The metal may also be prepared by the elec- 
trolysis of the fused double chloride of uranium and sodium in an inert atmosphere, 
using carbon electrodes.^ Keeney® has prepared the rnctal by reducing WaOg with 
carbon in a Siemens furnace with magnesite w^alls and carbon bottom, lihe metal 
was allowed to cool in the furnace. He got a product containing 88 per cent U, 3.67 
per cent C, and 2.47 per cent Si, which really consisted of uranium metal and uranium 
carbide. ' 

Ferrouranium. — Many unsuccessful attempts were made to produce ferrouranium 
before success was finally achieved. The main difficulty met with was that a low- 
carbon alloy could not be made by variation of the carbon in the charge, because 
there was such a low recovery of uranium, both when the amount of carbon charged 
was about the theoretical amount required, and when the carbon in the ferrouranium 
was low. (.-arboii could not be removed from an alloy containing more than the 
allowable amount by using either iron oxide or uranium oxide, as can be done in other 
ferroalloys high in carbon. When this was attempted, the uranium in the alloy 
oxidized and went into the slag, leaving pig iron in the furna(;e. Keeney^ was unable 
to get a ferrouranium containing as much as 30 per cent uranium, and, in addition, 
the carbon content was too high. He was, however, able to get a commercially high- 
grade uranium metal as described above. Gillett and Mack'^ succeeded in making a 
satisfactory ferrouranium by using a pure I-O 2 , a low-ash coke, and a pure iron as raw 
materials, wdth calcium fluoride as slag former. They stated that, by using a tilting 
direct-arc type furnace with water-cooled magnesite hearth and sides, it should he 
possible to produce commercially, without a second refining operation, ferrouranium 
of any desired uranium content, say 40 to 70 per cent, with C averaging below 2 per 
cent. Si below 0.75 per cent, V below 0.5 per cent, and with Al, S, P, and Mg all so low 
as to be negligible. 

Uses of Uranitim. — Besides its use in steel, uranium has been used for many 
years as a coloring agent for glass. Sodium uranate is usually desired, although 
uranium oxide is sometimes used as a substitute. The color produced is opalescent 
yellow, turning green by reflected light. Usually about 20 per cent of uranium cal- 
culated as oxide is required to produce the color, thus making the glass quite expensive. 
Uranium salts are also used in the ceramic industry and produce yellow, orange, and 
black glazes. The coloring power is great, and only small quantities are required. 
Uranium salts have also been used to some extent as mordants for silk and w’ool, and 
also as a catalyst in the synthesis of ammonia from nitrogen and hydrogen. • 

1 Compt. rend., Vol. 110, p. 347, 1893. 

* Moxssak, Compt. rend., Vol. 122, p. 1088, 1890. 

» BviX. AJ.M.E., August, 1918, p. 1354. 

August, 1918, p. 1353. 

* Jour. Ind. Bng. Chem., Vol. 9, p. 432, 1917; U. 8. Bur. Mines Tech, Paper 177, 

* Habibb ftnd Lb Rqssiqnol, Z. Blektroohem, Vol. 19, p. 53, 1913. 
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photography, uranium nitrate has been used as a sensitizing agent for paper. With 
potassium sulphocyanide it can be used for toning bromide prints. 

Since Keeney and Gillett made ferrouranium and commercial uranium metal, 
some interest developed for a time in connection with uranium steel. One firm 
in this country had ferrouranium on sale and actively cooperated with one or two steel 
manufacturers in the manufacture of uranium steel. One part of uranium is supposed 
to replace 2 to 3 parts of tungsten in high-speed steels. Keeneyi states that ferro- 
uranium can be added to steel in quantities up to 4 per cent with a uranium recovery 
of at least 50 per cent; and a recovery of 70 per cent can be made in steel containing 
less than 2 per cent uranium. A considerable portion of the carbon and silicon in the 
ferrouranium seems to enter the steel. For a steel containing less than 2 per cent 
uranium, the ferrouranium can be added in the ladle, but a higher percentage of 
uranium in the steel requires addition in the furnace, or chilling will occur. These 
results were obtained in the electric furnace, but uranium can also be made in the 
crucible furnace. Uranium steel has not come into general use, although some of the 
steelmakers have claimed that uranium is a satisfactory substitute for tungsten in 
certain cases. 

Analytical Methods for Uranium.— A number of methods are suitable for the 
analysis of uranium ores, and these are discussed at length in Bulletin 212 of the 
U. S. Bureau of Mines. The following short method is usually satisfactory. 

Take a 2- to 5-g. sample, ignite if it is carbonacieous, add 16 cc. of 1 : 1 sulphuric 
acid and a few drops of nitric acid, and heat till fumes of sulphur trioxide appear. 
Cooly dilute to 100 cc., add an excess of sodium carbonate and hydrogen peroxide, 
boil 10 min., filter, and wash with hot water. The iron precipitate should be washed 
back in the beaker, digest'd with fresh soda solution, and refiltored, combining the 
filtrates, which are then acidified with sulphuric acid. After boiling off all CO 2 , 2 g. 
of ammonium phospliate is added, the solution is made slightly alkaline with ammonia, 
and then barely acidified with acetic acid. The precipitate is gently boiled for 10 
min., filtered, and washed thorouglily with a hot 2 per cent ammonium sulphate 
solution. For accurate work, the precipitation may be rep(^ated. Dissolve the 
precipitate in 1:4 sulphuric acid, and wash to a volume of 100 cc. Add an excess of 
{)otassium permanganate and 10 cc. sulphuric acid, and after warming a few minutes 
add 5 g. of granulat(’d zinc. Reduce hot for 10 min., cool, filter through glass wool, 
washing to a volume, of 250 ca*.. with cold water. Titrate with 0.05A^ permanganate. 
The iron value of the permanganate times 2.5176 ~ UgOg. 

TUNGSTEN 

(Atomic weight « 184) 

Occurrence. — There are four reasonably common tungsten minerals found in 
the United States. Ferberite, wolframite, and hubnerite are closely associated as 
regards their composition. Ferberite is usually classed as an iron tungstate, although 
it may and often does carry moderate quantities of manganese. Wolframite is an 
iron-manganese tungstate, carrying usually, however, more iron than manganese. 
Hubnerite is a manganese-iron tungstate containing more manganese than does wolf- 
ramite. These minerals form a complete series with almost an infinite number of 
members between a pure iron tungstate and a pure manganese tungstate. Scheelite, 
i'alcium tungstate, is the fourth. It is now the most important tungsten ore. It is 
easily identified by a blue fluorescence in ultraviolet light. This method of detection 
Ls very useful in prospecting and mining scheelite. 


' BvU, August. 1918, p. 1366. 
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Hess^ has suggested the following definitions; “Ferberite should be considered 
as an iron tungstate, FeWOi, contaminated by not more than 20 per cent MnW 04 , 
a proportion equivalent to 4.69 per cent MnO, or 3.63 per cent Mn in the pure tungsten 
mineral. Hubnerite should be considered as manganese tungstate, MnWOi, con- 
taminated by not more than 20 per cent FeW 04 , a proportion equivalent to 4.74 
per cent FeO, or 3.69 per cent Fe. Wolframite should cover the ground between the 
limits above indicated. That is, wolframite should be considered a mixture of iron 
and manganese tungstates containing not less than 20 per cent nor more than 80 
per cent of either. Except the light-colored hiibnerites, most of these minerals cannot 
be detected by the eye or by simple tests, and in the absence of analyses it is, therefore, 
convenient to refer to the dark minerals of the series as wolframites.^* Ferberite and 
wolframite, when pure, are black. When partly oxidized they may appear brownish 
from the presence of iron oxide. Hubnerite is characteristically brown, sqine speci- 
mens, however, being yellowish, others reddish, and some nearly black. These 
minerals are all monoclinic in form. Ferberite has more of a tendency to farm well- 
defined crystals than do the others. In hardness, all these minerals are\ a little 
over 5. Their specific gravities range from 7.2 or 7.3 in hubnerite to 7.5 in firberite, 
while the specific gravity of wolframite is intermediate b(^tween these figures, ocheel- 
ite is a calcium tungstate, CaW 04 . In color it is usually white, light gray, or light 
yellow, although its color may occasionally vary from greenish yellow to brown. 
Its luster is slightly glassy. It is found in granular masses, or in irregular lumps of a 
more or less coarse texture. Its hardness is a little less than 5, and its specific gravity 
is approximately 6. It possesses four directions of good cleavage. Other tungsten 
minerals of less importance are stolzite or lead tungstate, cuprotungstite or hydrated 
copper tungstate, and tungstite or tungstic ocher, a hydrated tungstic oxide. 

Ferberite is found in .several western 8tate.s, but mainly in ( -olorado in the Boulder 
district. Thi.s district has a length of 12 miles in a northeast and southwest direction, 
and a width of about 7 miles, and begins about 6 miles due west of the town of Boulder. 
The tungsten veins are in many ways similar to the gold veins of the district and seem 
to have a close coimection with tliem in genesis. Hubnerite and wolframite are 
mainly found in New Mexico, Arizona, Nevada, and South Dakota, although the 
minerals are frequently met with in small quantities in other stabjs. 'J'hey do not 
form so important a commercial source of tung.sten as ferberite and .sc-heelite. Con- 
centrates of the latter mineral are produced in C'alifornia near Atolia, San Bernardino 
County, and also in Inyo County near Bishop. For many years the Nc^vada- Massa- 
chusetts Co, has been the largest domestic producer from mines in Humboldt (bounty, 
Nevada. Recent search for strategic minerals by government geologists and engineers 
has revealed a large deposit of high-grade scheelite in the Yellow Pine District, 
Valley County, Idaho. Scheelite concentrates are recovered as a by-product of gold 
ores from the Jardine mine in Park County, Montana. Wolframite is mined and 
concentrated in Stevens County, Washington. Domestic production of tungsten 
falls far short of our needs, and imports of concentrates are received from the following 
sources listed in the order of importance: China, Bolivia, Argentina, Australia, 
Portugal, Thailand, Peru, Mexico, Burma, India. 

Extraction from the Ores. — Up to recent years, most methods of treatment of 
tungsten ores were small modifications of the original Oxland proc^iss, which wan 
patented in 1847. This involves a fusion with sodium carbonate of the finely ground 
ore previously leached with hydrochloric acid to get rid of traces of bismuth if this 
metal is present. Sometimes a small amount of sodium nitrate; is added to tin* 
sodium carbonate. The mixture is placed in a reverberatory furnace and sintcrcfi* 
care being taken not to fuse it. It is then removed and ground. Frequently> 

> V, 8, Owl. Survey Bull. 662, p. 22. 
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treatment does not give a sufficiently high extraction of the tungsten, and involves 
a second sintering process. The sintered mass is leached with hot water in tanks. 
Tungsten dissolves as sodium tungstate, while the iron, calcium, and most of the 
manganese remain insoluble. Some of the phosphoric acid and silicic acid also dis- 
solve as silico- and phosphotungstates. Traces of manganese may also dissolve, owing 
to the sodium nitrate present, as sodium manganate. The solution of sodium tung- 
state may be either evaporated to dryness, or evaporated to the point at which crys- 
tallization takes place. The chief impurities are sulphates, silicates, and arsenates 
of sodium, with traces of iron and manganese. Iron, manganese, and arsenic are 
precipitated by a small quantity of caustic soda, and the greater portion of the sodium 
sulphate will crystallize out before sodium tungstate. The silica remains in the 
mother liquor, after the crystallization of the sodium tungstate, and causes some loss 
of tungsten in the form of soluble silicotungstates, which, however, can be used as 
by-products for fireproofing purposes. The fairly pure sodium tungstate is redis- 
solved in boiling water and added to a boiling solution of hydrochloric acid made up of 
1 part of concentrated acid and 7 of water. Sometimes about 5 per cent of nitric 
acid is added. The result is the precipitation of the tungsten as hydiated tungstic 
oxide, which is filtered off and washed in filter presses. It is important that the oxide 
should be washed free from sodium salts, as otherwise on drying it has a greenish tinge 
which is not attractive to purchasers. 

One of the best methods, if not the best, for producing a high-grade tungstic 
acid is that of Pikeley and Stoddard.^ This process is used at one mill in Boulder 
(Jounty for the treatment of medium-grade ferberite ores and concentrates. Usually 
middlings from the mills, or ore running 15 to 25 per cent WO3, are used. The prod- 
uct is a liigh-grade tungstic acid, said to contain less than 0.03 per cent phosphorus 
and 0.03 per cent sulphur, with only a small percentage of silica. After drying, the 
oxide runs 99 to 99.7 WOa. The ore is mixed with sodium carbonate and salt, and 
the charge is placed in sheet^iron pans 2X4 ft. and 6 in. in depth. This is placed 
in a firebrick furnace hc'atc^d by oil burners. The charge is so proportioned that a 
glass slag is obtained. The heat-trcatm(*nt requires about an hour, at the end of which 
the pans are pulled out of the furnace onto an iron rack, clamped, and inverted, and 
the fused charge dumped into an iron receptacle, where it is allowed to cool. It is 
broken into pieces and ground in a crusher to approximately size. It is then 

mixed in a cennmt mixer with a hot-water wash liquor from a previous run. The 
contents are dumped into a screen-bottom trough, which retains the coarse residue. 
This is shoveh'd back into the mixer and washed with hot water, the wash water being 
used in the next run. The concentrated solution is allowed to settle, and the clear 
solution is given a secret treatment, which removes the last traces of the phosphorus, 
arsenic, silica, and other deleterious substances. This probably involves the use of 
magnesium chloride as a precipitant. After filtering, the clear solutions are run 
into a large wooden tank, heated, and calcium tungstate is precipitated by the addition 
of a solution of calcium chloride. The precipitate is allowed to settle and is scraped 
out and treated with coranicrcial hydrochloric acid in a vrooden revolving drum. 
After settling, the solution is drawn off through suction filters. The residue is treated 
twice with hydrochloric acid in this manner, and finally the whole is dumped onto the 
suction filters. This treatment produces tungstic acid as a precipitate, and the acid 
'Solution contains calcium chloride and calcium sulphate. This is allowed to run into 
Mtone vessels, in w’hich the calcium sulphate crystallizes out, and the clear solution is 
drawn off into barrels, to which lime is added, which produces calcium chloride for 
^ urther use. 


^ U. S. patents 1255144 and 1322465. 
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Acid leaching methods are also used in connection with all the commercial tungsten 
ores. They are especially used for getting rid of manganese, and give good results 
with scheelite. Fcrberite, wolframite, and htibnerite are soluble in hot concentrated 
hydrochloric acid, but it is necessary to digest the ores in the acid for a considerable 
time. Under such conditions the ores are decomposed and the manganese goes into 
solution, while the tungsten is precipitated as tungstic acid and remains with the 
insoluble residue. After filtering, the residue is extracted with ammonia, which 
dissolves the tungstic acid, giving ammonium tungstate. On ignition, this is decom- 
posed, giving tungstic acid and ammonia, which may be recovered for further use. 
Phosphorus is gotten rid of at some stage in the operation by precipitating with 
magnesium chloride, or, if tungsten powder is made from the tungstic acid, a con- 
siderable amount of phosphorus can be leached out of the powder with hydrochloric 
acid. Scheelite is soluble in hydrochloric acid, but one firm adds to the ease of 
solubility by using hydrochloric acid and sodium chlorate. The decomposition of the 
ore takes place in acidproof earthenware pots in a hood with a steam dranb. After 
complete decomposition the tungstic acid and insoluble silica are filtered Wff. By 
using high-grade scheelite the amount of silica present is not large, and the refining of 
the product is not carried any further, but the acid, without further removm of the 
silica, is us€*d for the manufacture of tungsten powder. 

Gin^ suggests a bisulphate fusion for the ore whenever tin is present. This 
method, therefore, does not apply specially to American ores, but is useful for some 
of the foreign ores. The tin can be largely separated from the tungsten ore by means 
of magnetic separation, but there is usually at least 1 per cent of tin oxide left behind 
with the tungsten. The ore is decomposed by means of acid potassium sulphate in 
a muffle furnace. After the sulphate is fused, the ore is thrown in, the mass is .stirred 
continually, and the temperature increased until the whole mass is fluid enough 
to run out of the furnace. After solidification the fused mass is ground and treated 
with water, which dissolves the soluble sulphates and phosphoric acid and leaves 
insoluble potassium acid tungstate as a white amorphous precipitate. About 50 
per cent excess of bisulphate over that theoretically reejuired is actually necessary. 
The insoluble residue is dried and treated with a w^arm solution of ammonium car- 
bonate, or cold ammonia water in which carbon dioxide is pass(‘d. The potassium 
acid tungstate dissolves leaving the silica, the cassiterite, and the insoluble sulphates. 
The solution is evaporated to crystallization, which gives ammonium tungstate, from 
which tungstic oxide is made by heating. 

Concentration Methods. — Tungsten minerals have high .specific gravities and are 
readily concentrated by jigs and tables. They slime badly, and slime tables or "rag 
plants’^ were formerly used to limit losses of slimed mineral. Rec>ent advances in the 
art of flotation are now being applied to the concentrations of scheelite ore with con- 
siderable benefit. Scheelite concentrates often contain considerable garnet which is 
magnetically separated, A roast to remove sulphur^ is also used in some caso.s. 
Milling procedures have been improved and now yield 85 to 90 p(»r cent recovery in a 
concentrate well above the minimum (60 per cent WO 3 ) market grade. 

Metallic Tungsten. — Metallic tungsten can be made in a number of ways. The 
purest product is obtained by heating a very high-grade tungstic oxide in a current of 
hydrogen. The oxide can also be reduced by means of carbon or metallic zinc. 
Metallic aluminum and magnesium also can be used instead of zinc. Most metallic 
tungsten prepared commercially is in the form of powder for making tungsten steel. 
Reduction with carbon is the method usually used, as the reaction goes readily and 
presents few difficulties. The reduction can take place either in a steel tube or in a 


1 Trans. Am. Electroehem. Soe., Vol. 13, p. 481. 
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covered st^ Davis' has carefuUy studied the conditions and temperatures 

necesswy for the reduction of tungstic oxide to the metal. He finds that at 650 to 
850 the oxide goes to a black or purple on heating with carbon; at 950 to 1050°C. a 
chocolat^colored product is the result (probably WO,); and at temperatures above 
lOM C. the gray powdered metallic tungsten results. The ratio of tungstic oxide to 
carbon varies from 10; 1 to 10: 1.6, depending on the process used, the temperature of 
reduction, and the time mvolved. A small excess of carbon can be partially removed 
by washmg. Both fire-clay crucibles and iron tube give satisfactory results, and a 
product of over 98 per cent metallic tungsten can be produced. Whereas the reduc- 
tion to metal is complete at 1050-0., it is better to keep the temperature around 
1100 


Shapely^s process for producing commercial tungsten is thus described A scheelite 
concentrate is mixed with crude soda (trona) in a ball mill, and the batch transferred 
to a firebrick crucible and melted with crude oil fuel, the flame striking directly on 
the charge. When the im;lt is quiet, the charge is tapped, the molten material flowing 
directly into a small Pachuca tank nearly filled with water. The water is agitated 
violently by compressed air during the pouring of the charge and for an hour in addi- 
tion. The action of the water on the molten sodium tungstate shatters this material 
so that it will all pass a 20-mesh screen and the sodium tungstate is easily and com^ 
pletely dissolved. The charge from the Pachuca is transferred to a redwood filter 
tank having a filtering medium of coco matting and canvas. The filtrate runs to 
storage tanks through a small filter press having filter paper between the plates. An 
absolutely clear solution results and, as the amount of insoluble matter is small, the 
press is cleaned only at rare intervals. 'J''he material in the filter tank is w'ashed 
several times and the wash water returned to be used for the next melt. 

To precipitate an easily filterable tungstic oxide, the solution is brought to boiling 
by means of steam coils placed directly in the solution, and the boiling solution is 
transferred to stoneware crocks. The crocks are jacketed for hot water and contain 
enough hydrochloric acid to precipitate the tungsten as oxide. (About 3 per cent of 
nitric acid is us<‘d with the hydrochloric.) If the solution is kept nearly at the boiling 
point, the precipitate will be comparatively coarse grained and easily filtered. 

The precipitated material is allowed to stand for an hour at a temperature close 
to 100°C., and the clear, weak atud solution decanted and replaced with distilled water 
obtained from the heating coils. The precipitate is run into a flat-bottomed filter 
tank having a filtering medium of coco mat and canvas (protected with shoveling 
strips) and is washed repeatedly with distilled water. An acid-free product results, 
containing about 45 per cent water, as determined by heating a sample to 500®C. 

The batch is then transferred to a wooden mixer similar to a butter churn, and the 
correct amount of gas-house carbon is added to reduce the tungsten oxide to the metal. 
After kneading for half an hour, the mixture is transferred to fire-clay crucibles and 
allowed to dry slowly, waste heat from the reduction furnace being used to dry the 
product completely. Any reduction in volume due to shrinkage during drying is 
made up with more dry material, and the crucibles are covered with a graphite lid, 
ground to fit. 

Reduction is done in a special furnace, which is operated continuously and reduces 
a charge in about a 4-hr. heating at 1250°(1 Fuel oil is used for heating the furnace. 

The metallic tungsten is a lumpy gray mass that must be ground and screened, 
and packed in 100-lb. tins. 

The process used by the Fansteel Products Co. uses a hand-picked wolframite ore 
which is charged in a small reverberatory, 200 lb. ore to 100 lb. soda ash. The 


* Jour. Jnd. Eng. Chem,, Vol. 11, No. 3, p, 201. 

» Chem, Mel. Eng., Vol. 24, p. 874, Mar. 2, 1921. 
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charge is hand rabbled at 800°C., which converts all manganese oxide to dioxide, 
while the following main reaction takes place: 

2FeW04 -h O + NaaCOa = 2Na2W04 + Fe^Oa + 2CO2 

The temperature must be kept low enough not to fuse the mass. The furnace 
bottom is now a 1-in. iron plate, but basic brick is recommended. 

The furnace product is leached, and the sodium tungstate solution at 30 to 50®B4. 
is brought to boiling and 20°B6. calcium chloride solution added. The calcium 
tungstate thus produced is washed by decantation and is then boiled by means of live 
steam with hydrochloric acid, thus producing tungstic acid. 

This tungstic acid is then converted to ammonium paratungstate and the ammonia 
removed by nitric acid. Reference to the original article should be made jf or details 
of this process.^ 

Davis also found that the temperature of reduction with hydrogen at ordinary 
pressures is much the same as with carbon. The properties of metallic tungsten are 
unique, so that when it was first prepared it led to a search for methods for producing 
the metal in a ductile form. It was found that this could be done by nipeateti heating, 
rolling, hammering, drawing, and swaging. Cast tungsten, or tungsten powder, 
differs widely in its properties from the pure raw' material, such as is used in the manu- 
facture of incandescent-lamp filaments. The tungsten powder is brittle, crystalline, 
and hard and has a specific gravity of 16 to 17. I'he pur(‘ metal is softer and tougher 
and can be welded at a yellow heat, even drawn into fine wire. Its specific gravity 
is 19.3 or over, and the melting point close to 3270®C. A wire of 5-mm. diameter has 
a tensile strength of more than 450,000 lb. to the square inch. At a red heat, the 
metal oxidizes in air. Melted sulphur and phosphorus attack it slowly; potassium 
bisulphate, caustic alkalies, and fused nitrates attack the metal, but solutions of these 
salts have practically no action on it. Hot dilute sulphuric acid affects it only slightly, 
but the concentrated acid dissolves the metal slowly. At ordinary temperatures 
hydrochloric acid of any concentration has practically no action, but th(* strong boiling 
acid dissolves it slowly. (^Concentrated nitric acid and hydrofluoric acid have very 
little action on tungsten, but the two acids when mixed attack it fairly rapidly. 

Ferrotungsten. — Tungst(*n is the principal rare metal used for alloy purposes 
in connection with the manufacture of high-speed steels. In making this steel, eithei 
ferrotungsten or tungsten powder may be used. I'he annual production of the two 
is probably about equal in quantity. When fcrberite is used, practically all ferro- 
tungsten is made directly from the high-grade concentrate without previous chemical 
treatment of the ore. The product obtained in such a case contains usually 70 to 
85 per cent W, 0.5 per cent C, 0.4 per cent Si, 0.5 per cent Mn, 0.0 1 per cent S, and 
0.02 per cent P. Ferrotungsten has a high density and fine gray fracture, and is not 
crystalline. 

Keeney* gives a detailed description of the manufacture of ferrotungsten. The 
reduction with carbon goes readily. The slag may coiTtain as high as 8 per cent FeO, 
but less than 1 per cent WO3. Theoretically, the reduction of 100 parts of alloy 
from 122 parts of ferberitc requires 16 parts of carbon, but practically about 25 p<‘r 
cent excess of carbon is charged. Small amounts of lime and fluor spar are used to 
flux the silica. Operating in this manner, with an excess of carbon, a product is made 
containing 3 per cent C, 70 per cent W, 0.05 per cent P, and 0.01 per cent S, with sloj? 
containing below 1 per cent WOa. The analysis of a typical concentrate for fl>y 
manufacture of such a product is WO*, 60.36; Fe, 22.0; Si02, 8.0; Mn, 0.05; S, 0.3r>; 
and P, 0.05 per cent. 

1 Chem. Met. Mno., Vol. 22, p. 9, Jan. 7, 1920. 
tBvU. AJ.M.E., August. 191S, p. 1338. 
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A typical operation involves charging into the furnace 65 lb. of a mixture composed 
of 200 lb. concentrate, 42 lb. coke, 56 lb. lime, and 6 lb. fluor spar. Three more 65-lb. 
charges are added at intervals of hr., and at 2)4 hr. from the start the furnace is 
tilted and the slag poured. This cycle is repeated until a 1200-lb. button has been 
formed, requiring 24 to 36 hr. The furnace is allowed to cool, is torn down, and the 
button of metal removed, cleaned, and broken up. This crude metal is refined as 
follows 1 A charge of 150 lb. metal and 75 lb, ferberite concentrate is smelted for ^ hr., 
when 12 lb. of fluor spar is added. After another 3 hr. the slag is poured and a fresh 
charge is started. The process is continued for 36 to 48 hr. until a button weighing 
1500 lb. has been formed, when the furnace is allowed to cool, is torn down, and the 
button of metal removed, cleaned, and broken. Ferrotungsten containing less than 
1 per cent carbon can be made in a single smelting operation by careful regulation 
of the carbon in the charge and the use of an acid slag. The product, however, is less 
pure and the slag loss is higher. In addition, the metal will contain more phosphorus 
and sulphur. 

Tungsten Carbide. — Tungsten carbide is nearly as hard as a diamond, but it is so 
brittle and hard to prepare in massive form that no use was made of this property 
until recently. By a method developed in Germany, fine crystals of tungsten carbide 
are mixed with powdered cobalt, pressed into small bars, and sintered to produce 
most remarkabhi tips for machine tools. Although the amount of tungsten thus used 
is small, carbide-tipped tools have had a profound effect on the machine-tool industry. 
'I'hey can be used to machine hardened steel, glass, porcelain, plastics, and many other 
substances that were formerly cut only with diamond points. The carbide tips are 
much more rugged than a diamond and are not injured when cutting plastics with 
metal inserts. With these tools the cutting speed of lathes can be increased many 
fold, and much loss time is required to maintain a sharp cutting edge. 

Uses of Tungsten. — The main use for tungsten is in the manufacture of steel, 
especially high-speed steel. Such steel is generally made by the crucible process, 
although not always. A steel suitable for such use may contain as high as 15 or 20 
per cent tungsten, and as low as 8 or 10 per cent tungsten, and 4 per cent chro- 
mium. Vanadium and molybdenum may also be used in small quantity, and uranium 
has in some special steels partially replaced the tungsten. Tungsten is also used in 
self-hardening steels, or those requiring no tempering after forging. They may have 
a composition between the following limits: W, 2.4 to 3.4 per cent; Cr, up to 6 per cent; 
C’, 0.4 to 2,2 per cent; and Si, 0.2 to 3 per cent. 

The chief property that tungsten gives to steels is tensile strength, which, with 
the elastic limit, increases w'ithin certain limits as the percentage of tungsten increases. 
Elongation and resistance to shock diminish proportionately, and the hardness 
increases fairly consistently wdth the percentage of tungsten. Tungsten is also used 
for filaments in electric lamps. For making the filaments, the squirting process was 
originally employed. This involved mixing metallic tuiigsten powder with an organic 
binding material, such as gum, and these were squirted into the filament. The car- 
bon was eliminated by placing the filament in an atmosphere containing a volatile 
compound of tungsten, such as the oxychloride, and a small quantity of hydrogen. 
On heating the filament by an electric current, the carbon was replaced by tungsten. 

Another method consists in mixing metallic tungsten powder with an amalgam 
<'ontaining equal amounts of cadmium and mercury and squirting the mixture through 
die in the usual way. The cadmium and the mercury in the filament are volatilized 
hy heating, and the filament retains the usual brittleness, but after continued heating 
"d. higher temperatures the filament becomes pliable and can be bent. Drawn fila- 
’fumts are now used, the drawing being made possible by hammering, heating, swag- 
etc. Tungsten is also a constituent in the so-called ‘‘bronze powders” employed 
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for decorative purposes, and has also been used to a small extent in the fireproofing 
of cloth and other fabrics, as a mordant for silk, and for coloring glass and porcelain. 

Analytical Methods for Tungsten. — Tungsten in ores can be determined quantita- 
tively by the following method ; The ore ground as finely as possible in an agate mortar 
is fused with five to ten times its weight of sodium potassium carbonates and extracted 
with hot water. If any gritty particles remain, another fusion is necessary. An equal 
volume of concentrated hydrochloric acid is added to the aqueous solution of the 
alkaline tungstate, and the whole evaporated to dryness, after which the silica is 
dehydrated by heating at 120°C. for an hour. The residue is moistened with hydro- 
chloric acid, taken up with water and boiled, then filtered and washed with 6 per cent 
HCl or ammonium nitrate solution. The filtrate contains a small amount of tung- 
sten, which is determined by heating the filtrate and the washings to boiling and 
adding 5 to 6 cc. of a cinchonine solution, made by dissolving 25 g. of ciilchonine in 
200 cc. of 1 : 1 HCl. This is allowed to digest on a hot plate, while the otner opera- 
tions are being performed. \ 

The precipitated tungstic oxide is dissolved in hot ammonia solution (Watt’s 
solution of 200 cc. of strong ammonia, 1000 cc. of water, 10 cc. of HCl), filtered into 
a platinum dish, in which the filtrate and washings are evaporated to dryness and 
ignited. The cinchonine precipitate is filtered and washed with hot dilute cinchonine 
solution (100 cc. water to 5 to G cc. of the above solution), dried, and ignited in 
the platinum dish with the tungstic oxide. A few drops of sulphuric acid and a little 
HF are added, and the Si02 driven off at a dull red lujat. Th(i tungsten is weighed 
as WOj. Small quantities of impurities may be removed by treating the WOj with 
the ammonia solution, filtering, and again igniting. 

Ferrotungsten can be analyzed by the following method, which was used at the 
laboratories of the Tungsten Products Co. at Houlder, (’olo. 

The refined ferrotungsten, crushed and rolled to pass a ^ 2 -in. mesh screen, goes 
to a machine which automatically mixes, samples, and sacks the product for shipment. 
The sampler is of a type developed by this company, which cuts one-fifth of the total 
mix. This cut passes through the machine again aftcT being rolled to approximately 
mesh. If the original mix is very large, the operation is repeated to bring the 
weight of the sample down to less than 500 lb. This final sample from the automatic 
is passed repeatedly through a riffle sampler until the last cut w^eighs 15 to 50 lb. 
This goes to the laboratory sampling department, where it is reduced in a steel mortar 
to pass a screen. The pounding necessary for this process is done by a 2-in. 

Tngersoll Rand piston drill set up vertically in a frame above the mortar and pestle 
in such a manner that it is used as an air hammer. The sample is thoroughly mixed 
and split twice, and one-quarter is then further reduced to pass a 10-mesh screen. 
This procedure of screening, mixing, and splitting is continued through a series of 
screens until the last portion passes the 200-mesh screen, giving the analyst about 
100 g. of finely pow^dered metal. The operation of reducing a 20-lb. sample reccivc^d 
from the smelter to a 100-g, laboratory pulp of 20CPincsh powder by this system 
requires about 1 hr. 

For the determination of tungsten, two 1-g. samples arc mixed separately in nickel 
crucibles with about 5 g. of sodium peroxide and a cover of sodium carbonate. Fusion 
is done in an electric muffle at about 800°C., w’hich requires 6 to 7 min. to make a 
perfect decomposition. Cool, leach out in water in covered 406-cc. beakers. Remove 
crucibles, and acidify carefully wdth hydrochloric acid, using a moderate excess. Add 
about 2 cc. nitric acid or HaOj to assist in dissolving any small fragments of nickel 
oxide scale, and bring to a boil. Most of the tungsten separates as H 2 WO 4 , and 
iron and nickel salts are in solution. Add about 40 cc. cinchonine solution, stir 
let stand in a warm place for about 4 hr., or preferably overnight. This precipitates 
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all the remaining tungsten as cinchonine tungstate, and it has proved to be just as 
effective a reagent for this purpose as quinine hydrochloride. Filter off the settled 
precipitate through a 15-cm. close-weave paper arranged over a platinum cone and 
suction flask. Wash thoroughly with warm dilute cinchonine wash water, using 
gentle suction. No trouble will be experienced due to the precipitate sticking to the 
beaker if a few drops of hydrofluoric acid are used. 

The washed precipitate is transferred to a shallow gold dish of known weight and 
ignited to WO 3 in the muffle. Cool, moisten with 10 or 12 drops of hydrofluoric 
acid to remove any traces of SiOs which might be carried down, dry, and ignite again. 
Weigh and calculate to W. The factor is 0.793. Duplicate determinations carried 
out in this way should check to within 0.10 per cent. The proportions used in the 
cinchonine solution are 50 g. of cinchonine alkaloid dissolved in 2 1. of cold water 
containing 150 cc. of hydrochloric acid; for the cinchonine wash water, 100 cc. of the 
above cinchonine solution and 50 cc. of hydrochloric acid diluted to 1 1. with ho^^ 
water and us(^d from a bulb wash bottle is convenient. For the determination of 
carbon — ^ferro tungsten and tungsten metal powder burn completely and readily in 
oxygen — and carbon is easily determined in any type of combustion train. In the 
laboratory mentioned they prefer to catch the CO 2 in a Meyer bulb in 2 per cent 
barium hydrate solution, to filter, wash, and weigh the BaCOs. 

The usual fusion-oxidation methods of determining sulphur are all open to objec- 


tions when applied to a ferroalloy or other material whose sulphur content is below 
0.05 per cent. The blank is always high, due to traces of sulphates in fluxes and 
reagents used and the danger of picking up fumes or traces of sulphuric, acid from the 
apparatus of a general laboratory. The sulphur content of ferrotungsten occurs as 
sulphides, which, in a finely ground sample, are completely decomposed, yielding HjS. 
This suggests at once the application of the method which has been used successfully 
for many years. Two to five grams of 200-mesh ferrotungsten or metal powder is 
weighted into an evolution flask. (,bver with 50 cc. of water, and add 25 cc. of strong 
h vdrochloric acid by way of the separatory funnel. Heat to boiling, and boil for about 
10 min., catching the evolved gas, air, and steam in ammoniacal cadmium chloride 
solution. The usual yellow pn'cipitate of cadmium sulphide shows the presence of 
sulphides in the alloy. Wash the cadmium chloride solution from the bulbs, then cool, 
acidify with hydrochloric acid, and titrate at once against a weak iodine solution 
(1 ec « 0 0005 g. of sulphur), using starch as an indicator. The iodine solution is 
standardised by using a government standard steel of known sulphur content, or by 
using a ferrotungsten of known sulphur content. Boiling with dilute hydrochloric 
acid does not dissolve the alloy, but does decompose the sulphides present, as may be 
shown by filtering off the contents of the evolution flask after the operation and exam- 
ining for sulphur by a fusion method or by a combustion method. 

The removal of phosphorus from the alkaline liquor after a fusion decomposition 
of ferrotungsten presents certain difficulties. Precipitation with magnesia mixture 
from dilute solutions is incomplete unless much time is allowed for this step, also 
precipitation from concentrated solutions either as magnesium-ammonium phosphate 
or as aluminum phosphate tends to drag down some tungsten, involving another 
step for its removal. To avoid these difficulties, the use of uranium acetate ha^ been 
introduced at this stage. The precipitation is quantitative from moderately dilute 
solutions, and no dragging down of tungsten occurs. Weig a -g. samp e m 
crucible containing 6 to 8 g. of chemically pure Na.O.. ™ 

with about 1 g. of chemically pure Na^CO,. Ignite in a muffle to 
of the fluxes. Cool and leach out carefully with warm water 
beaker. Remove the crucible, and pgrtly neutralize the 

(1 : 3) to permit filtering without dilution. Stir and then allow the dei^ Fe(OH)i to 
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settle out while, standing on a warm plate. Decant off through a 12 qualitative 
paper into a 600-cc. beaker. Wash the precipitate into the filter, allow it to drain 
thoroughly, then give it two good washes with hot water, stirring up the precipitate 
well with a fine jet. Reserve this precipitate of Fe(OH) 8 , which contains a small 
amount of phosphorus, to add to the uranium precipitate obtained from the tungsten 
solution. 

Acidify the filtrate of sodium tungstate and sodium phosphate with acetic acid, 
using 30 cc. of 40 per cent acetic. Add 2 cc. of 5 per cent uranium acetate solution. 
Boil off all CO 2 . Make just alkaline with NH 4 OH (1:1). This will require about 
20 cc. The precipitate is ammonium uranyl phosphate. Add 2 cc. more uranium 
acetate, which precipitates at once as uranium hydroxide and serves to drag down the 
last traces of phosphate, as well as to assist in filtering the ammonium urAnyl phos- 
phate. Boil off any large excess of NH 4 OH. Filter through a qualitative paper, and 
wash twice with hot water to remove tungsten. Place the precipitate inAthe same 
beaker together with the iron precipitate obtained above, add 30 cc. watqr and 25 
cc. strong nitric acid. Boil until both precipitates are in solution and the filters 
reduced to pulp. Filter into a 500-cc. Erlenmeyer flask, washing the pulp once with 
hot water. Add 5 cc. of 5 per cent KMn 04 solution to acid filtrate. Boil toVjxidizo 
all phosphorus to H 8 PO 4 . Clear of Mn 02 by adding 2 cc. of H 2 O 2 (1:1). Boil to 
remove excess H 2 O 2 , and cool under the tap. Add 45 cc. of NH 4 OH ( 1 : 1 ), which will 
nearly neutralize the nitric acid, then 50 cc. of molybdate solution. Stopper the 
flask, shake for 5 min., and let stand at least 15 min. before filtering. Filter through 
a 9-cm. filter. Wash with acid ammonium sulphate wash solution to remove all 
nitromolybdate. Dissolve the yellow phosphomolybdate in hot dilute ammonia 
water, which must be free from chlorides, into the same Erlenmeyer flask. Wqsh the 
paper well with alternate washes of ammonia water and hot water. When cool, 
acidify with 5 cc. of H 2 SO 4 (1:1) and pass through the reductor, following with a 
thorough wash of cold water. Titrate against standard KMnO* solution to the same 
end point as used in determining the reductor blank. The iron value of the standard 
permanganate solution times 0.0163 equals the P value. The ammonium sulphate 
wash solution must be distinctly acid. A good formula is H 2 SO 4 (1:1), 100 cc.; 
NH 4 OH (1:1), 60 cc.; water, 21. If convenient, it is well to allow the precipitate of 
yellow phosphomolybdate to stand about an hour after shaking for 2 min. A blank on 
all reagents, including a fusion of Na 202 and Na 2 CD 3 , should be carried through with 
the determinations. It is sometimes desirable to add a measured quantity of dilute 
phosphate solution of known phosphorus content to the blank for close work. Checks 
should agree within 0.015 per cent P. 

MOLYBDENUM 

(Atomic weight « 96) — 

Occurrence. — The chief commercial minerals of molybdenum are: molybdenite, 
M 0 S 2 ; wulfcnite, PbMo 04 ; and molybdite, Fe 20 ». 3 Mo 03 . 71 ^H 20 . Of lesser impor- 
tance are ilsemannite (possibly MoOa.SOj.fiHaO); belonesite, MgMoO^; and powcllitc, 
CaMo 04 . The first three are the only ones from which molybdenum is obtained 
commercially. Molybdenite contains 59.5 per cent molybdenum and 40.6 per cent 
sulphur. It is a soft opaque lead-gray mineral with metallic luster. It frequently 
occurs in fiakes or scabs, resembling some micas as regards its cleavage. In hardness 
it ranges from 1 to 1.5, and readily leaves a mark of a bluish-gray color on a paper. 
Its specific gravity is 4.7 to 4.8. The mineral is widely distributed throughout the 
United States, especially in the West, and, whereas it is found in a large number of 
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localities in small quantities, there are also several large deposits which are being 
worked commercially. 

The most important of these is at Climax, Colo., near Leadville. Here a large 
portion of a mountain is impregnated with the mineral, and, whereas the grade aver- 
ages less than 1 per cent M 0 S 2 , the amount of ore available is very large. Another 
large deposit is on lied Mountain, near Empire, Cx)lo., about 50 miles due west of 
Denver. There are two mills at Climax and one at Red Mountain. Smaller deposits 
of molybdenite are found in several places in the United States, especially in Arizona, 
New Mexico, Nevada, California, etc. Wulfenite contains theoretically 26.15 per 
cent of molybdenum and 56.42 per cent of lead. It is a brittle, heavy, semitransparent 
mineral with resinous luster and is generally of a wax or orange-yellow color, although 
occasionally it is olive green, yellowish gray, or even brown. Its hardness is 2.75 to 
3, and its specific gravity is 6.7 to 7. It crystallizes in the tetragonal system, and the 
crystals an*, commonly square and tabular and sometimes very thin. Less frequently, 
they are octahedral or prismatic. Like molybdenite, wulfenite is widely distributed 
in the western states; probably the largest known deposit is at the Mammoth mine, 
Mammoth, Ariz., from which a very considerable tonnage of concentrates has already 
been obtained. It is, however, found in numerous other places in Arizona, Nevada, 
and to some extent in New and Old Mexico. Molybdite is a hydrous ferric molybdate, 
lemon yellow to pay yellow in color, and occurs as an earthy powder, usually as 
incrustations. Molybdite is an alteration product of molybd^ite, probably formed 
by the interaction of molybdic acid and limonite, the molybdic acid being an oxidation 


product of the molylxlcnite. 

Molybdite, thcrofure, is frequently found associated with molybdenite, especially 
where the latter mineral has had a chance to weather. Molybdenum minerals are 
found in notable* quantities in several foreign countries. Molybdenite is found in 
Queensland, New South Wales, Norway, and Canada. Only since 1923 have com- 
mercial amounts of molybdenum been produced in the United States, and the world’s 
supply came from Ciiieensland, New South Wales, and Norway. Domestic produc- 
tion has increased from 5(K) tons in 1925 to over 17,000 tons in 1940; the latter being 
mort^ than 90 p(*r cent of total world production. 

Although C’limax has consistently maintained its leading position, the recovei^ 
of molybdenum concentrates as a by-product of copper operations at Bingham, Utah, 
CUiro ^New Mex,, and Miami, Ariz., has become increasingly important and amounted 
to 30 per cent of domestic output in 1940. The recovery at Chiro is descxibed in the 
Emnevrin^ & Mining Journal, Vol. 140 (September 1939) as follows: ^ concen- 
trate from the cleaner eells carries about 30 per cent Ou and 0.5 per cent lito. 
frwd from reagents by steam, reconditioned, and the MoSj floated out. The tails 

carrv 30 ner cent (hi, 0.06 IVIo. . , . , s • - r 

Ertraction from the Ores.— As ferromolybdenum, which is the chiei use for 
molybdenum, can be made directly from molybdenite concentrates, it “ 
to treat molybdenite chemically unless molybdic oxide or — 
required for chemical purposes. In the latter case, the molybdenite may be roasted 
U, oxide, treated with ammonia, which dissolyes the ""f J ^ 
molybdate, filtered, and eyaporated to dryness, or to 

molybdate! On i^ition the ammonia is driyen off and may be recoyennl for further 


“"" ciuna* Conversion Practlce.-The present practice of the Climax Molybdenum is 

fz c"n b. .a„i.ua ,n « 

i Tech. Paper 1718, February meeting, 1944. 
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each hearth from the third to the seventh. As a result, it is possible to keep the 
hearth temperatures down to about the subliming temperature of molybdenum oxide 
(llOO^F.) with great increase in furnace capacity, better recovery of the oxide, and 
greatly decreased furnace repairs. About 30 per cent of the roasting furnace produc- 
tion is sold as “technical molybdic oxide carrying 56 to 62 per cent Mo; 5 to 11 per 
cent insoluble; 0.5 to 1.0 per cent Fe; and small amounts of sulphur, copper, lime, and 
zinc. 

Calcium molybdate was originally prepared at Langeloth by mixing roasted con- 
centrates with quicklime and water and heating to form a technical molybdate con- 
taining about 40 per cent Mo. It was later discovered that if uncalcined pulverized 
limestone of high purity was thoroughly mixed with the roasted concentptes, the 
product was suitable for direct addition in steel furnaces. 

Molybdic oxide briquettes are an important item in the Climax production. Con- 
centrates of known molybdenum content are thoroughly mixed with air-floaVed pitch 
and the mixture fed by gravity to hydraulic briquetting pre^sses, which have a com- 
bined capacity of 60,000 to 80,000 lb. Mo. per day. The average briquette pressure is 

10.000 to 11,000 lb. per sq. in., but a pressure of 18,000 lb. can be applied. The bri- 
quettes are 4 in. in diameter and 4 to 4^ in. long, and the mold liners are chromium- 
plated on the inside to withstand abrasion. The liners require replating about each 

100.000 briquettes. 

Molybdic oxide is prepared by heating technical oxide to a])out 1800 to 1900"F. 
Air is drawn in over the heat(*d surface and sweeps the M 0 O 3 into a metal flue leading 
to a bag filter where the pure oxide is collectcid. The tailings from this process are 
sent back to use as raw material in other proces.ses. 

Ferrornolybdemuin is still produced by the Thermit process. A typical mix is 
1300 lb. molybdenum as oxide, 116 lb. low-grade aluminum, 1122 lb. ferrosilicon 
(50 per cent grade), 618 lb. iron ore (69 per cent grade), 160 lb. lime, and 50 lb. fluor 
spar. The mixture is run into a brick-lined steel shell and the reaction started by 
igniting the charge with a mixture of aluminum and sodium peroxide. The reaction 
requires about 20 min., after which the slag is tipp(*d off wdth the exception of a thin 
protective layer and the metal given 4 to 6 hr. to solidify. 

Wulfenite presents a more difficult metallurgical problem than molybdenite. This 
mineral nearly always carries small quantities of vanadinite, and the two cannot be 
separated mechanically. Kissock first used a sodium carbonate fusion method in a 
small blast furna<ie. The wulfenite, mixed wdth sodium carbonate and coke, was 
strongly heated, and the lead was obtaiiuid as metallic lead, while the molybdenum 
went into the slag in the form of sodium molybdate. This slag w'as used directly in 
the electric furnace for the making of ferromolybdenum, but the excess of sodium 
carbonate had very decuded and deleterious effects on the furnace linings. Holladay 
prepares a sodium molybdate slag reasonably free from lead and other impurities, 
then leaches the slag with water, and adds dilute calciun^chloride solution in the cold. 
This precipitates most of the impurities that are still present, while the molybdenum 
stays in solution. On filtering and boiling and adding excess calcium chloride, the 
molybdenum is precipitated as calcium molybdate, which can be used for the prepara- 
tion of molybdic oxide or can be used directly in the making of molybdenum steel. 
Conditions for the precipitation of calcium molybdate have been studied carefully by 
Bonardi.^ 

Concentration Methods. — Molybdenite can be concentrated readily by flotation 
methods. An ore carrying less than 1 per cent can be concentrated to a product 
carrying 60 or even 70 per cent molybdenite. Usually, mixtures of kerosene and pine 
oil are used, although other oils give satisfactory results on certain ores. Wulfenite 
1 Chem» dt Mel, Eng,, Kept. 15, 1919, 
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can be concentrated by ordinary milling methods, using tables and slimers. The 
mineral crushes readily, but an ore carrying as little as 0.5 per cent MoOs as wuifenite 
can be concentrated with a fair recovery. Vanadinite, which is frequently associated 
with it, cannot be separated to form very satisfactory products, as the specific gravities 
of the two minerals are almost the same. 

Metallic Molybdenum. — Metallic molybdenum may be prepared by reducing 
molybdic oxide with aluminum powder or by heating the trioxide or one of the 
chlorides in a current of hydrogen. It may also be prepared by heating a mixture 
of molybdenum trioxide with one-tenth of its weight of sugar charcoal in an electric 
furnace in a carbon crucible. The pure metal is malleable and is not hard enough 
to scratch glass. It has a specific gravity of about 9 and can be forged when hot. 

It oxidizes readily at a dull red heat and is attacked by fused potassium chlorate, 
nitrate, etc. 

Ferromolybdenum. — The raw materials for ferromolybdenum may be molyb- 
denite, molybdic oxide, a sodium-molybdate slag, or calcium molybdate. The 
reducing agent is usually carbon, although 90 per cent silicon material ground to 
60 mesh has been used. Lime and fluor spar are used as fluxes. The reaction that 
takes place wdth molybdenite is as follows: 

2 M 0 S 2 4- 2CaO + 3C - 2Mo -f 2CaS -f 2CO + CSa 
Reduction with silicon metal gives the following reaction: 

M 0 S 2 -f KSi = Mo + SiSz 

According to Keeney,^ for about 100 parts of molybdenite, 58 parts of lime are 
necessary for slagging the sulphur as calcium sulphide. The reaction works close 
to the theoretical, and there is no difficulty in making a product with about 0.1 per 
cent sulphur and 1 to 3 per cent carbon. With sodium molybdate slag, the reaction 
is as follows: 

Na 2 Mo 04 + 3C = Mo + 3(/0 + NazO 

The reduction of sodium molybdate requires considerably more power than the 
reduction of the sulphide or oxide. The average power consumption is 7 to 7}4 
kw.-hr. per lb. of molybdenum produced. The recovery varies from 78 to 80 per 
cent with a loss of 10 per cent in the slag and 10 per cent mechanically by volatili- 
sation. Ferromolybdenum containing 80 per cent molybdenum and under 1 per cent 
carbon cannot be regularly tapped from the electric furnace. 

Production of molybdenum alloys by the direct addition of calcium molybdate 
to the molten steel is rapidly replacing the use of ferromolybdenum. Other sim- 
ilar molybdate compounds or briquettes of molybdic oxide have also been used. 
These direct methods are more economical because one furnace operation is elim- 
inated and less molybdenum is lost in slags. Ihe molybdenum compounds ^e 
reduced to metal in the steel bath by the same reactions that are used for production 

of ferromolybdenum. • 1 11 j. 1 

Uses of Molybdenum. — Molybdenum is used chiefly to make special alloy steels, 

usually in combination with other alloying elements. In many cases, it is substituted 
for strategic metals, such as tungsten, nickel, and manganese, since ample supplies ot 
molybdenum are available in the United States. AUoy steels containing molyb- 
denum are finding increasing use in the aircraft, automotive, and radroad mdustriM. 
'ITie amount of molybdenum in such steels varies from 0.2 to 3 per cent, but rarely 
above 1.5 per cent. The newer developments include the addition of molybdOTum 
to a 3 per cent chromium steel used, for crankshafts, a nitridmg steel contaimng 
^BuU, JLl.M.E,, August, 1918, p. 1334. 
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chromium, molybdenum, and nickel (but no aluminum), and a steel containing 
2 per cent chromium — 0.50 per cent molybdenum used for lining cylinders of aircraft 
engines. Molybdenum steels are used by railroads in tires, car wheels, flues and 
cylinders, also nickel-chromium molybdenum steel for rods, pistons, axles, shafts, and 
pins. Such steels are largely used in oil-well drilling and oil-refining equipment. 
Molybdenum alloy steel for high-speed cutting tools and dies is receiving increased 
attention. 

Molybdenum compounds are used in the chemical and ceramic industries, but the 
consumption in these expanding fields is not large. 

Anal3rtical Methods for Molybdenum. — The following is a revision by Doerner 
of the method of Bonardi and Barrett of the U. S. Bureau of Mines. Take a 0.25- to 
5.0-g. sample of finely pulverized ore, add 15 cc. HNO3, and heat until the brown 
fumes are gone. Carefully add 10 cc. HCl and heat 20 min., or until decQmp(^sition 
is completo. If much lead is present, as in wulfenite, take to fumes with 10 ic. H2SO4, 
cool, dilute to 00 cc., and heat to dissolve soluble sulphates. Cool and filter off the 
lead. Add an excess of ammonia and 5 cc. of magnesia mixture. If much calcium is 
present, add 5 g. of Na2C03. Boil 10 min. and filter, washing well with hot water. 
If the precipitate is large, dissolve it in HCl and repeat the precipitation. ' 

In rare cases molybdenite is not dissolved by acids. Fusion with a Ka202 and 
Na2C03 mixture is then neccvssary. The melt is dissolved in water and filtered. The 
filtrate is saturated with H2S and barely acidified with HCU. Heat to boiling, filter, 
and wash with hot water. Dissolve the M0S2 precipitate in 1 to 1 HNO», and take to 
fumes with 10 cc. of HjS04. Cool, dilute, filter, and make alkaline with ammonia. 
The solution should be about 250 cc. in volume. Make acid with HC'l, using nusthyl 
orange as an indicator, and add 5 cc. in excess. Add 5 to 10 g. of sr>dium-animonium 
acetate. The addition of 8 drops of HNO3 is recommended by Weiser.^ 

Titrate hot wuth lead acetate solution (about 18 g. of crystallized salt per liter) 
until a te.st drop gives no color wdth a drop of tannic acid solution. For accurate 
wwk or to standardize the solution, add 2 cc. excess of lead acetate, heat 20 min., and 
filter, washing w^ell wdth 2 per cent NH4NO3 solution. Ignite ihv, precipitate and filter 
in a fire-clay annealing cup in a muffle at dull-red heat. The w eight of the PbM04 
precipitate times 0.2615 = Mo. 
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CHAPTER XXIII 


METALLURGY OF RADIUM AND URANIUM 


By H. a. Doerner^ 


Occurrences. — As uranium is the mother of radium, the two elements are always 
found together as uranium minerals. Therefore the metallurgy of these related 
(dements is unavoidably connected and must be treated in the same chapter. Uran - 
ium considered as a ferroalloy material, however, has been treated in the preceding 


chapter. 

Uraninite, better known as pitchblende, and carnotite arc the most important 
radium ores. Pitchblende is uranium oxide (UOs, UO 2 ) of indefinite (iomposition 
containing variable amounts of Pb, Ca, Fe, Bi, Mn, Cu, Si, Al, rare earths and, of 
course, radium and other products of the atomic disintegration of uranium. Minerals 
apparently deprived from pitchblende (alteration products) include: gummite (hydrous 
silico-uranat(i of Pb, ('a, etc.), soddite (hydrous uranium silicate), curite (hydrous lead 
uranate), becquerelite and shoepite (uranium hydroxides), kasolite (hydrous uranium 
l(‘ad silicate), torberite (hydrous uranium copi)er phosphate), autunite (hydrous 
uranium calcium phosphate), and carnotite, a potassium uranyl vanadate of a rather 
definite composition, approximating the formula K 2 O. 2 UO 8 .V 2 O 6 . 3 H 2 O. 

Historical. A ustria . — Radium was discovered in, and first produced commercially 
from, pitchblende found in the silver mines at St. Joachimstal, Austria. These 
ores have been mined since 1517 for silver and later for cobalt and bismuth. As a 
result of Madame Curie’s discovery and isolation of radium from these ores, the 
Austrian Government established a plant in 1898, which has continued production 


under the Gzechoslovakian and German governments. . . 

'rhe ore is in mica schist interbedded with limestone with post-rameralization 
intrusions of gneiss. The veins occur as stringers and pockets 6 to 36 in. wde, con- 
taining a number of metals such as .\g, Ni, Co, Bi, As, and U in a variety of minerals, 
(lalenite, blende, pyrite, marcaaite, and cuprite occur m minor quantities. Similar 

hut less important deposits occur in Saxony. 

PorlugaL-Portugd was the second nation to produce radium ores. Production 
has been small but consistent from autunite ores located between Guarda and Sabuga . 
Tlie deposits are cxceUently described by Segaud and Humery^ 

CVL«.-Pitchblende also has been found m ^rc^hev co2m 

wall, England. It occurs in veins of silver-nickel-cob^t ores ^ 

.lolomite. The mines are worke.d principaUy for bisn»“th, ocher coWt, and mjel 
mtchblende, being a valuable by-product, has been recovered consistently m relatively 

.,.m„ „e» Ce«.»l Capi. County Color^i.. 

for gold. The rock containing pitchblende, galena, sp > . quarries 

aphtic granite. Specimens of pitchblende also have been found m feldspar quarries 

‘ EiigitiTOT in charge, U.S. Bureau of Mineg Experiment ^ Mimoiret, Ser. 1 ’ Ved. 3. 

« 8.oa«d and Hcm.rt, Le. Giaemente d-uranium du Portugal, Ann. m.n«, Mm 

I'P. 111-118, 1913. , roimtv around Boduin and St. Auatd, 

» Ueaa.B, Bak«ow. and McAlusmb. The Gwlogy of the County aroun 

^fem. GmI. Sarven Enslond and IPola*, 1909, 
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in Connecticut and pegmatite veins in North Carolina, South Carolina, Texas, and 
South Dakota. 

But the first large-scale production of radium was derived from extensive carnotite 
deposits located in the arid regions on both sides of the Colorado-IJtah border. These 
ores were discovered in 1881, but their nature was unknown until 1887. Previous to 
1910, considerable carnotite was exported to Europe for treatment, and a few small local 
plants extracted uranium and vanadium, but no radium, with only moderate success. 

In the fall of 1912, representatives of the U.S. Bureau of Mines made a survey 
of the carnotite deposits and announced^ that they constituted by far the largest 
known source of radium ore. This bureau also made a study of methods for recover- 
ing radium, vanadium, and uranium from these ores and operated a pilot plant to 
demonstrate the economic possibilities of a selected process.* PVom 1916 to 1923, 
domestic production of radium from these deposits far exceeded the supply from all 
other sources. A 

Carnotite is a secondary mineral, canary yellow in color. It occurs as disseminated 
grains and incTustations in a light-colored sandstone, overlaid in places by! shale and 
conglomerate. The deposits are erratically distributed in pockets, and the cost of 
mining and development is therefore high. Exceptional claims have produced 500 
tons of shipping ore, which averaged only 5 to 10 mg. of radium per ton. In contrast 
to pitchblende, a high-grade concentrate cannot be obtained by ore-dressing processes. 
Ijack of water and other industrial facilities in the region in which the deposits are 
located made it necessary to ship the ore considerable distances to reduction plants. 
The Bureau of Mines reported operating costs for its pilot plant in Denver as $37,599 
per gram of radium recovered. The ore cost $96.33 per ton delivered. Subsequent 
mining costs were often higher, and the nominal market price for radium obtained 
from carnotite was seldom less than $100,000 per gram. 

Belgian Congo, — Radium ores wore discovered while prospecting for copper in 
Katanga, Belgian (k)ngo, on Jan. 22, 1913. Little was done with this discovery 
until 1921 when active research and development was started. The deposits are in 
veins of moderate thickness and are extrem(*ly irregular. Primary pitchblende 
found in the central part of the ore bodies is surrounded by alteration products, 
chiefly torbernite, curite, and kasolite. The ore is of such exceptional grade tliat it is 
feasible to ship it to Belgium for treatment. 

A treatment plant was established at Colon, in the Antwerp Campine, by Union 
Miniere and began operations in July, 1922. Because of the high radium content 
of the ores (100 to 150 mg. per ton) sufficient radium to supply all demands was pro- 
duced at such a low cost that it soon dominated the market. The price, first fixed 
at $70,000 per gram, was reduced to $50,000 in 1 930. 

Canada, — Another rich deposit of pitchblende, discov(‘red in 1930 on the shore 
of Great Bear Lake, N.W. Territories, (Canada, has Ix’cn developed into an important 
source of radium^ by Eldorado Gold Mines Ltd. The ore is complex and of two g(‘ri- 

1 Moork, and Kithil, A rreliiuinary Report on Uranium, Radium and Vanadium, U.S, Bureau 
Mines Bull, 70, 1913. 

* Parsons, Moors, Lino and Bchaepsr, Extraction and Recovery of Radium, Uranium and Vana- 
dium from Carnotite, U.S. Bur. Minet BuU. 104, 1916. 

* PocKON, Radium from the Canadian Arctic, Eng, Mining Jour., Vol. 138, pp. 39-41, September, 
1937. 

Parmlee, Radium from the Arctic, Eng. Mining Jour., Vol. 139, pp. 31-35, April, 1938. 

Smith, Milling Pitchblende-silver Ores at Eldorado Plant, Eng. Min. Jour., Vol. 198, pP- 35'iS. 
April, 1938. 

PocHON, Radium Recovery, Canada's Unique Chemical Industry, Chem, A Met, Eng,, Vol. bb 
pp. 362-366, July, 1937. 

The Staff, Eldorado Operation, Can. Min. Met. Bull., February, 1938, Radium Recovery at P* * 
Hope, Can. Chem, Mei., June, 1937, p. 211. 
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eral types, one having a highly siliceous gangue, and the other dolomitic. The latter 
is chiefly remarkable for its high silver content, which runs 300 to 360 oz per ton 
Crude ore is concentrated by jigs, tables, and flotation machines at the mine, and the 
concentrates are shipped to a plant at Port Hope, Ontario (4000 miles from the mine) 
where radium, uranium, and silver are extracted. ^ 

The large output of radium from this new source affected the market so that 
radium sold at $20,000 per gram in 1937. In 1939, a marketing agreement with 
Union Mmi^re stabilized the price at $27,500. The total production of radium from 
aU sources probably has exceeded 1 kg. Low-grade pitchblende ores have been found 
in pegmatite veins of Quebec and Ontario, but these have not been exploited. i 

.4 Uranium ores are found in South Australia.^ The Radium Hill Co., 
with works at Sydney, has treated autunite from this source. 

Other Sources. ^Little information is available concerning uranium ores in 
Madagascar, South Africa, and Russia, but there has been minor production from 
these sources, mostly from Madagascar. 

The Nature of Radium. Radium is the most important of a series of products 
resulting from the atomic disintegration of uranium. Such changes reach an equi- 
librium during geologic periods of time by which a maximum ratio of 1 part of radium 
to nearly 3 million parts of uranium is established. This equilibrium has been 
attained in most uranium minerals. For example, 130 mg. of radium is usually 
found in a ton of pitchblende ore containing 50 per cent UaOj,. 

Radium is the heaviest of the alkaline-earth group of elements, and it is so similar 
to barium in its chemical and physical properties that the two elements can be sepa- 
rated from each other only by virtue of the difference in solubility of their salts. 

The amount of radium in an ore is m small that it is not possible to make a direct 
separation of a substantially pun^ radium compound. The radiiim must be ^‘col- 
lected” with a barium salt, and 400,000 to 1,000,000 parts of barium to 1 of radium 
is re<iuired for that purpose. In all methods used to recovcir radium from an ore, 
radium and barium are brought into solution as chloride salts and then precipitated 
as sulphates by adding sulphuric acid (or sodium sulphate) to a slightly acid solution 
of radium and barium chlorides. Usually the volume of solution is so large that 
even the slight solubility of radium sulphate is not exceeded. Nevertheless, the 
radium always is precipitated more completely than the barium.® 

This remarkable phenomenon has evoked much speculation, and for lack of a 
rational explanation it was referred to by Dr. S. C. Lind as pseudoisotopy. It was 
generally beli(*ved that adsorption played a major part in this phenomenon. How- 
ever, an tixtensive quantitative study revealed that the behavior follow's the general 
laws of mass action in a range of dilution that was noted for the first time in this case 
only because the radioactive properties made quantitative measurements possible. 
This investigation dimionstrated that the coprecipitation of radium with barium 
sulphate was not due to adsorption but was the result of the replacement of barium 
by radium in the crystal lattice of the barium sulphate,* 

This same phenoRumon occurs when soluble salts of radium and barium, such as 
the chloride or bromide, are crystallized from a solution. In every case the crystal 
fraction will have a higher ratio of radium to barium than has the mother liquor, no 
matter how low the concentration of radium may be. The enrichment factor may 

' SpBNCiBK and Carnochan, The Wilberforoo Radium Oceurrenoe, Can. Min. Met. Bull., 1930. 

« Brown, Occurrence of Uranium Ores and Other Rare Minerals Near Mt. Paniter, South Australia, 
^outh Australia Mines Department, 1911. 4 m 

•Lind, Undjbrwood and Whittmobb, The Solubility of Pure Radium Sulphate, Jour. Am, em, 
‘''’oc., Vol. 40, pp. 466-472. March, 1918. . .. ^ 

* Dobrnur and Hoskinb, ooprecipitation of Radium and Barium Sulphates, Jour. Am. CAem. isoe., 
Vol. 47, May, 1926. 
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be expressed by a constant that represents an equilibrium between the ratio of radium 
to barium in the solution and the ratio of radium to barium on the surface of the 
solid phase. 

Ra (in solution) ^ Ra (solid phase) 

Ba (in solution) Ba (solid phase) 

This equation is merely a statement of the law of mass action in which K is the 
ratio of the solution pressures of radium and barium on the surface of a mixed crystal. 
Since K is greater than unity {K =* 1.8 for the sulphate), the radium is more concen^ 
trated in the salt than in the solution. The important point, not generally realized, 
is that K is independent of the solubility of either salt alone, and the equation applies 
even at ratios of one to a million. 

By the application of this law, radium is first separated from other ore copstituents 
and collected with barium, and then, by a series of fractional crystallizanons, it is 
separated from the barium. A net recovery of over 90 per cent of the radium from 
an ore containing only 5 ing. radium per ton is not unusual. The recovery and 
isolation of radium from an ore by any other means would be enormouay more 
difficult, if not impossible. 

Treatment of Pitchblende. — Methods in general use for treating pitchblende ore 
follow the general pattern of the process devised by Debiernc and C/urie for the 
Austrian ores. Pulverized ore was fused with sodium sulphate to convert the uranium 
into sodium uranate. The fused product was leaclu'd with water to remove soluble 
salts and then treated with dilute sulphuric acid to extract uranium sulphate. An 
excess of sodium carbonate was added to the hot solution to precipitate iron and other 
impurities which were removed by filtration. The filtrate containing soluble .uranyl 
carbonate was acidified and boiled to remove (’O 2 . Then sodium uranate was 
precipitated by caustic soda. 

Radium and barium sulphates remained in the residue from the acid leach, which 
consisted largely of silica, lead sulphate, etc. This residue was boiled with a solution 
of soda ash which converted a large part of the radium and barium sulphates into 
carbonates. The insoluble product was thoroughly washed to rcmiove sodium sul- 
phate and then treated with dilute hydrochloric acid to extract soluble radium and 
barium chlorides. The process of boiling with sodium carbonate and leaching was 
repeated several times to obtain a high extraction of the radium. Final residues from 
this treatment are chiefly silica containing insufficient radium to justify further 
extractions. A concentrate of radium-barium sulphati* was precipitated from the 
combined acid extracts by the addition of small amounts of barium chloride and 
sodium sulphate. The solution, separated from the precipitate by settling, decanta- 
tion, and filtration, was discarded. 

The radium concentrate was again converted to a chloride solution by r(‘peatcd 
treatment with sodium carbonate, washing and leaching with hydrochloric acid 
This final solution contained about one part of radium to one million of barium. By 
a long series of fractional crystallizations, moat of the radium was separated from tlm 
barium. 

In a later modification of the process, the ore is roasted with sodium carbonate 
and sodium nitrate. This converts the radium to a carbonate, and after thoroug. 
washing to remove soluble salts (particularly sulphates wffiich would precipitate 
radium) the calcine is treated with hydrochloric acid to extract radium chloride. 

Canadian ores contained so much lead, silver, and sulphides of iron, copper, etc . 
that other modifications of the Curie process have been necessary. ^ Mill conccri 

I P 0 C 8011 , Radium Recovery at Port Hoi>e, Chtm, A Met. Eng., Vol, 44, 1937. 



METALLURGY OF RADIUM AND URANIUM 


641 


trateS; crushed to in., are roasted at 1100°F. The calcine is mixed with 5 to 10 
per cent of common salt and again roasted in a hand-rabbled furnace at a low tempera- 
ture to avoid loss of silver chloride by volatilization. It is then leached with dilute 
sulphuric acid (with additions of NaNOa, BaCl?, and HCl) to extract uranium, iron, 
copper, etc. Sodium uranato is recovered as previously described and is purified to 
meet market requirements. 

Residues from the acid leach are first treated with a hyposulphite solution to 
extract silver, which is recovered by precipitation with sodium sulphide. Lead is 
then extracted with boiling caustic (brine seems preferable) . Extraction and recovery 
of radium follows the Curie method except that autoclaves are used for the soda 
treatment. This accomplishes more rapid carbonation than boiling at normal 


pressure. 

Details of the treatment of Belgian ores have not been published. It has been 
stated that they are leached directly with sulphuric acid. Extraction and recovery 
of radium is carried out substantially as described above. 

Treatment of Carnotite. — Carnotite is a yellow earthy mineral, occurring as a 
crystalline powder dispersed in sandstone. It is much softer than the sand grains 
to which it is more or less firmly cemented. The ore is easily crushed to the size 
of the sand grains (about 20 mesh), and the valuable minerals can be concentrated by 
attrition in impact mills followed by hydraulic or air classification. The slime or dust 
concentrate contains 50 to 80 per cent of the radium with a concentration ratio of 
3:1 or 4:1. Subsequent recovery of radium from such a concentrate is even more 
difticult than from the original ore, and other methods of concentration are still less 
effective. Therefore concentration is limited, in general, to low-grade ores that can- 


not otherwise justify the cost of transportation. 

The mineral carnotite, which contains vanadium as well as uranium, is commonly 
associated with roscoelite, a vanadium silicate. These two minerals occur in various 
proportions, and there is no sharp distinction between the carnotite and roscoelite 
ores. These*, ores were treated for vanadium (and uranium) before their value as a 
source of radium was recognized. Later vanadium was considered a by-product 
from the relatively more important production of radium. After several years of 
neglwt, they are being treated again for vanadium and uranium, with a limited 
production of radium as a by-product that scarcely yields a profit at current prices. 

There are two general methods by which radium is obtained from carnotite ores: 
(1) Direct dissolution of the radium from the ore by an acid, with or without a pre- 
liminary treatment to improve the extraction. (2) Concentration m a slime: A 
.sulpharing treatment, either digestion with hot sulphuric acid or fusion with sodium 
sulphate or bisulphate, is followed by leaching and washing to remove a solution 
carrying suspended slime from the barren sand. The solution, which contams soluble 
svlphates of uraruuin, vanadium, iron, and aluminum, is then separate rom e 
.suspended solids by sedimentation and filtration. The siliceous slime contains 
radium and barium sulphates which may be concentrated further y caus ic usion 
and leaching to extract silica. In any case, the radium is converted to a carbonate 


and extracted with hydrochloric acid. , c 

Nitric Acid Process.— This process was originated by the U. 8. Bureau of Mm® 
and thoroughly demonstrated during the production of over g. o ra lum * 
plant of the National Radium Institute. Even though this process was not subs^ 
quently used, it led to the development of simUar processes 
■^•■une features. For this reason and because complete data are available, this process 


‘“'‘“.S' .< pu.--!.- - >» 

u’tric acid in stoneware pots. It is heated with live steam an s i 
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run to stoneware vacuum filters having asbestos filter cloth. The residue is given one 
wash with weak acid and two with hot distilled water. 

The large amount of acid is necessary to react with the acid-soluble ore con- 
stituents such as the compounds of iron, uranium, vanadium, aluminum, and calcium 
and leave a sufficient excess to hold the radium and barium in solution. Only ores 
containing relatively small amounts of sulphates, organic matter, and vanadium 
give satisfactory results when treated by this method. Sulphates reduce the extrac- 
tion of radium by precipitating the slightly soluble radium sulphate. Organic matter 
causes excessive frothing, consumes acid, and slows up filtration. If the ore is rich 
in vanadium, a slimy precipitate of vanadic acid clogs the filter. Slow filtration allows 
the charge to cool, which causes precipitation of various salts, including radium. 
Concentrates are especially difficult to treat because they contain a high proportion of 
soluble constituents and the slimy charge filters with great difficulty. 

On suitable ori‘s, however, the nitric acid leach extracts ov(ir 90 per Acnt of the 
radium, which is considerably better than is usually obtained by other direob leaching 
methods. The residue from the acid treatment may contain considerable mnadium, 
most of which can be readily extracted by an alkaline ksach and recovered. \ 

Precipitation of Radium. — The acid solution (filtrate) is run into a large redwood 
prjecipitating tank, where it is diluted with water and neutralized with a solution of 
caustic soda. If too much alkali is added, iron and vanadium precipitate and con- 
taminate the radium product obtained later. On the other hand, insufficient alkali 
leaves the acidity too high, and the solvent action of the acid prevents complete 
precipitation of the radium. A solution of barium chloride is n(‘xt added (about 2 lb. 
BaCli to 1 ton of ore) sufficient to make the ratio of barium to radium about 1 mil- 
lion:!. After mixing the solution, sulphuric acid (about 15 lb. to 1 ton of. ore) is 
slowly added with continued stirring. After stirring an hour the whole solution, 
containing radium-barium sulphate in suspension, is pumped to a settling tank having 
a conical bottom. The sulphates are allowed to settle 4 days, and then, after siphon- 
ing off most of the clear solution, they an? run to a small earthenware fi\iv,v and washed. 

Separation of Radium from Barium. — The radium-barium sulphate thus obtained 
is of an excellent purity, often as high as 90 per cent. It is converted to an acid- 
soluble sulphide by reduction with charcoal. A mixture of the sulphate with one- 
fifth its weight of charcoal is heated 8 hr. in a graphic? crucible at about 800®(^ The 
calcine is leached with pure dilute hydro(?hloric acid, care being necessary to remove 
the dangerous gas, hydrogen sulphide, which is generated. Most of the radium and 
barium are obtained in the solution as chlorides, and the radium is concentrated by 
crystallization, as previously described. The small residue filtered off from the 
chloride solution is given a second reduction and leach to extract the residual radium. 

This procedure replaced the slow and more costly method by which the sulphates 
are converted to carbonates by repeated digestion with a solution of sodium carbonate. 

Precipitation of Iron, Calcium, and Aluminum. — The solution from which the 
radium was first precipitated is run into a tank containing an excess of sodium car- 
bonate in a boiling solution. Iron, calcium, and aluminum are precipitated, also some 
of the vanadium. In order to prevent an excessive loss of vanadium and uranium 
in the precipitate, it is necessary to have a considerable excess of sodhim carbonate 
in the solution at all times, the liquor must be added slowly, and the mixture must be 
kept boiling hot and agitated during and for several hours after the addition. Aboiit 
650 lb. of soda ash to 1 ton of ore is required, and it takes about 6 hr. to complete tlic 
operation. The iron precipitate is filtered off and dis(?arded. Although it contains 
about one-fourth of the vanadium present in the acid solution, re-treatment of thi^ 
residue to recover the vanadium is not profitable. 
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Precipitation of Uranium. The filtrate from the iron precipitate, containing 
uranium and vanadium, is run to another tank where it is partly neutralized with 
nitric acid. After stirring with air, sodium hydroxide is added to the hot liquor 
until uranium is completely precipitated as sodium uranate. The solution is boiled 
for 1 hr. and then filtered through a press. The uranium precipitate is washed in the 
press, then removed and dried. It contains about 8 per cent vanadium oxide and 
must be refined to make a marketable product. About 85 per cent of the uranium 
is recovered. 

Precipitation of Vanadium. — The filtrate from the sodium uranate is run to 
another tank, neutralized with nitric acid, and boiled to remove carbon dioxide. A 
solution of ferrous sulphate is then slowly run into the hot liquor, which is agitated 
with compressed air. The vanadium precipitates as ferrous vanadate. It requires 
(considerable care and experience to obtain a complete recovery of the vanadium and 
at the same time produce a product of acc^eptable grade, i.c., over 32 per cent vanadium 
oxide. The precipitate is filten^d off in a press, washed, and dried. The vanadium 
recovered, iiududing that obtained from the sodium uranate, averages only 30 per cent 
of that in the ore. 

The filtrate from the ferrous vanadate is almost wholly a solution of sodium nitrate. 
It is evaporated in iron tanks heated by steam. Air is blown into the solution to aid 
evaporation. When sufficiently concentrated, the liquor is run into shallow steel 
pans where sodium nitrate crystals form. These arc collected and used to make 
nitric acid for the leae.hing operation. As the losses of nitrate are small, the acid 
cost is less than that of an equivalent amount of hydrochloric acid. 

Although the nitric acid process recovered the radium effectively, recovery of 
vanadium was poor. The ndative values of radium and vanadium made a high 
lecovcry of radium the chief consideration, but it soon became apparent that the 
recovery of vanadium is equally important. This led to the use of other methods and 
also to improvements in the nitric acid process.^ 

Preliminary Roast. — C-arbonaceous material found in nearly all carnotite ores 
causes frothing and excessive^ consumption of acid when lea(;hed with hot nitric acid, 
and many highly carbonaceous ores arc not amenable to direct acid treatment. A 
preliminary roast at TOO^C/. with excess air removes the carbonaceous matter and 
converts the iron to a less soluble condition. After roasting, less iron and more of 
t he radium is extracted with l(!ss acid and the pulp Ls much more easily filtered. This 
is very important when treating dust concentrates. 

Alkaline Leach. — Carnotite ores were first treated to extract uranium and 
vanadium by boiling with a solution of sodium carbonate, and no effort was made to 
recover radium.* 

This step not only extracts vanadium and uranium, but it converts acid-soluble 
t'ulphates (such as gypsum) to carbonates and water-soluble sulphates, which are 
separated from the residues with the vanadium and uranium. This prevents repre- 
cipitation of radium when the latter is subsequently extracted with acid.* Moreover, 
after calcination and an alkaline leach, dilute nitric acid at 50°C. gives a better extrac- 
tion than can be obtained from the crude ore with boiling hot strong acid. 

Improved Nitric Acid Process.— The crushed ore is first roasted at 700®C. It is 
then fed into a rod or pebble mill with water and one-fourth its weight of soda ash. 

^ Douknbr, Notes on the Extraction and Heoovery of Radium, Vanadium and Uranium from 
t’amotite, V.S, Bur. Mints Repts. Imestiyations 2873, 1928. 

* Haynes-Engle, U. S. patent 808839. 

* One firm used an autoclave for the alkaline treatment (W. F. Blocker, U. S. patent 1438357). If 
caustic soda is added with the soda ash, then vanadium is extracted and sodium uranate remains in the 
lesidue to be extracted with the radium by the acid treatment. 
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After thorough disintegration and digestion in the hot solution, the pulp is filtered and 
washed with hot sulphate-free water. The filtrate is used subsequently to neutralize 
the acid solution, so this alkaline leach does not involve any extra cost for chemicals. 

Recovery of Radium. — Dilute nitric acid (1 part to 4) at 50°C. may be used to 
extract the radium and also any uranium and vanadium not extracted by the previous 
step. A digestion period of several hours is required, and the addition of a little 
sodium fluoride improves the solvent action. Filtration and washing are easy and 
rapid. Radium-barium sulphate is precipitated and recovered from the combined 
alkaline and acid solutions by the usual methods. 

Recovery of Uranium and Vanadium. — After filtering off the radium-barium sul- 
phates, the filtrate is made slightly alkaline and heated to precipitate vanadium and 
uranium. Addition of only a little ferrous sulphate is required to complete the 
precipitation. After stirring for an hour or more the precipitate is filtered but not 
washed. Sodium nitrate is recovered from the filtrate. \ 

The uranium-vanadium precipitate is dried and then fused with two\ parts, by 
weight, of sodium sulphate containing a small proportion of nitrate or caustic. The 
vanadium is leached from the crushed slag with hot wat(ir and then precipitated as 
high-grade vanadic acid by boiling the acidified (^ 25^0 solution. ' 

Uranium is dissolved from the residue of the vanadium extraction with warm 
dilute sulphuric acid. Iron and other impurities are then precipitated with sodium 
carbonate and removed by filtration. After neutralizing the filtrate with sulphuric 
acid and boiling off CO 2 , sodium uranate is precipitated with caustic soda, filtered off, 
and washed. 

Hydrochloric Acid Leach. — Hydrochloric acid is even less effective than nitric 
acid for extracting radium from ores containing sulphates, but it i.s much btrtter for 
extracting the vanadium. This acid is quite satisfactory for the treatment of s<4ected 
ores and has been widely used in processes that follow the general procedure tlescribed 
for nitric acid except that the sodium salts are not recov«*r(;d and treated to regenerate 
the acid. It also has been used to treat ('ornish pitchblende and Portuguese autunite, 
but it is not applicable to most pitchblendes. 

Sulphuric Acid Leach. — Hot concentrated sulphuric acid will extract radium from 
an ore or concentrate, and radium sulphate is precipitated from the acid solution by 
dilution wuth water. Attempts to use this method have failed on account of the high 
cost for acid and the diflaculties encountered in the handling and filtration of hot 
concentrated acid. 

Sliming Methods. — A sulphating treatment followed by a mt'chanical .separation 
of the slime from the sand has been used to obtain a low-grade radium concentrate. 
The basic constituents of the ore are first converted to sulphate by one of the follow- 
ing treatments: 

1. Fusing with sodium acid sulphate. 

2. Baking with concentrated sulphuric acid. _ 

3. Digesting with dilute sulphuric acid (sometimes HCl is also used). 

4. Aerating a suspension of the ore in hot water with a mixture of sulphur dioxide 
and air. 

The hot sulphated product of 1 or 2 is dumped into a tank of water and agitated 
to dissolve the soluble salts. In all cases a barren-sand residue is separated by 
hydraulic cla,s8ification. This is usually done by decantation, using a siphon to draw 
off the slime from the quickly settling sand. The latter is waslmd clean by several 
decantations with water. After the decanted slime has settled for several days in 
large tanks, most of the clear solution is siphoned off and the rest is separated by 
filtration. 
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"niree produ^ arc thus obtained ; a barren-sand reject, a slime concentrate con- 
tammg at least 90 per cent of the radium, and an acid solution from which vanadium 
and uranium are recovered by the methods previously described. 

Several treatments with a hot solution of sodium carbonate, each followed by 
thorough washing and an acid leach, are required to extract radium from the siliceous 
slime. This treatment is often preceded by a fusion with caustic soda and a leach 
to remove most of the silica as a water-soluble silicate. A high-grade radium-barium 
sulphate is precipitated from the acid extract and treated for the recovery of radium 
by the standard methods previously described. 

Refining Radium.— When half the salt is crystallized from an acidified solution 
of radium and barium chlorides, approximately 80 per cent of the radium will be 
concentrated in the crystallized fraction. Hence the concentrations of radium in the 
crystals and mother liquor will be, respectively, 1.6 and 0.4 times the concentration 
of the original solution. If the process is repeated with both fractions, four products 
are obtained having concentrations of 0.16, 0.64, 0.64, and 2.56 with respect to the 
original solution. Now, combining the two middle fractions (crystals from the first 
mother liquor and liquor from the first crystals), the next fractionation yields six 
products with the following relative concentrations: 0.064, 0.256, 0.256, 1.02, 1.02, 
4.10. 

By thus combining fractions of equal concentration and adding fresh liquor to 
fractions approximating its own concentrations fin this case the 1.02 fractions) this 
process can be extimded indefinitely to yield any degree of concentration required. 
The n<'xt step will yield end products having the relative concentrations of 0.027 on 
the minus, or liquor, side and 6.56 on the plus, or crystal, side. 

Since the quantity of material treated decreases rapidly in ])oth directions, it is 
convenient to establish several separate series in which each system is supplied from 
the end crystals of the preceding scries. Each series will have 8 to 12 steps. 

A solution of radium and barium chlorides having a ratio of 1 to 3 parts of radium 
to a million of barium is finally obtained by all methods of recovering radium. The 
first crystallizing seri(*s is carried out in steam- jacketed vessels of 30 to 100 gal. 
capacity, usually eight or nine in number. These vessels must have an acid-proof 
lining because the solutions contain free acid. 

The larg(*st, or zero, pot at the center of the series is filled with fre.sh solution 
and evaporated until a cool draft of air will cause crystals to form on the surface. 
Cold water is then passed through the steam jacket, and about half the salt will 
crystallize overnight. The mother liquor is siphoned into a smaller —1 pot, and the 
crystals are transferred k) a d-1 pot in the opposite direction. 

The crystals are dissolved in dilute acid, and a half fraction is recrystallized. At 
the same time, another crop of crystals is obtained in the —1 pot. Mother liquor 
from the —1 pot is .siphoned to a —2 pot for another fractionation, and the crystals, 
transferred to the 0 pot, are combined with liquor from the -b 1 pot and fresh solution. 
In this manner the crystals progress in a + direction and the mother liquors in the 
opposite direction, four steps each way in a continuous cycle of operations. 

Mother liquor from the —4 pot carries only 25 to 30 parts of radium to one billion 
parts of barium. It contains most of the barium and only 1 or 2 per cent of the radium 
that enters the system. Part of this liquor is used to supply barium salt to the plant 
solutions, and the rest is discarded. 

Crystals from the -1-4 pot will carry most of the radium at a concentration nearly 
seven times that of the original solution. They are treated in a second series of 
fractional crystallization carried out in porcelain dishes heated over gas burners, and 
the procedure is similar to the first series but can be carried out much faster in the 
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smaller containers. Mother liquor from the minus end of this series is returned to the 
first series. 

Removal of Lead. — The chloride crystals on the plus side of the second series are 
dissolved in water without acid, and placed in a large glass precipitating jar 16 or 
18 in. high. Make ammoniacal and pass in hydrogen sulphide until the precipitation 
of lead as lead sulphide is complete. This sulphide is filtered and collected and may 
be analyzed for its radium content. It should be stored for recovery of the radium 
by fusion with sodium carbonate. Attempts to precipitate the lead as sulphide even 
from slightly acid solution usually result in obtaining a brick-red precipitate of the 
formula (PbS)x.PbCl 2 which is far more soluble in acid than lead sulphide; hence, com- 
plete precipitation of the lead is possible only in ammoniacal solution. If the solution 
is made alkaline with ammonia before passing in the hydrogen sulphide, only a small 
amount of radium is precipitated with the lead, usually not more than 0.2 her cent. 

Conversion to Bromide. — Into the filtrate from the lead precipitate, powdered 
ammonium carbonate is introduced gradually with vigorous stirring until all the 
barium has been precipitated as carbonate. After standing overnight for theWttling 
of the barium carbonate and the thorough precipitation of the radium carbonate, the 
supernatant solution is siphoned off as far as possible and the rest is throwii on a 
Buchner funnel, where it is filtered and w'ashed several times with distilled water. 
The filtrate, which carries only small traces of radium, is ston'd and may be returned 
to the plant at some convenient point before the pn'cipitation of the radium. The 
amount of radium in the liquor is surprisingly low, usually 0.001 to 0.003 mg. per 1. 
The barium-radium carbonate is n'lnoved from the Buchner funnel and is dissolved 
in chemically pure hydrobromic acid of 20 to 35 per cent strength in a large glass 
precipitating jar. 

Fractional crystallization is now continued in silica vessels in fairly strong hydro- 
bromic acid solution in which the s<;paration factor is considerably higher than in the 
chloride systiun. Concentration, therefore, takes placte more rapidly, but greater 
care in handling the vessels is, of course, necessary on account of the higher radium 
concentration. Heating may be carried on on tripods with bare gas flames until the 
richer fractions are reached, when the evaporation is carried out on an electrically 
heated water bath in which only distilled water is used. In case of an accidental loss 
of radium solution into the bath, all the water can be drawn off and returned into the 
system just before the treatment with hydrogen sulphide. 

The evaporation required to obtain a suitable batch of crystals may be generally 
regulated by concentrating the solution until vigoious fanning just begins to cause 
the formation of crystals on the surface of the hot sohition. Of course, the higher the 
acid concentration, the more generous the crystal batch will be, and it is usually 
convenient to have the acid concentration such that about half of the l^arium in solu- 
tion will crystallize out. Owing to the high factor of enrichment as bromide, the 
radium content of the mother liquor from the “minus two bromide vessel is extremely 
low. In general, the amount of radium returned to the plant in this bromide mother 
liquor is only about 0.2 per cent of the total amount going through the system. If 
such a result is actually obtained, it is more convenient and economical to use the 
bromide mother liquor for the recovery of hydrobromic acid than to return the mother 
liquor to the plant to recover its small radium content. 

Number of Fractions Employed. — The number of fractions employed in the plus 
direction in the bromide system varies with conditions, 10 to 12 being the usual num- 
ber. The crystallization is conducted in such a way that the radium bromide collected 
in the final fraction should not fall below 1 per cent of barium bromide, and sometimes 
is as high as 3 or 4 per cent. The total weight of the fraction should be 1 to 2 g. This 
fraction, after thorough drying in a hot-air oven, is sealed in a glass tube and kept for 
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final purification, when a sufficient number of tubes have been accumulated. The 
amount of radium in the tube can be easily determined by means of the gamma-ray 
method, to be described later. After 20 or 30 tubes have accumulated, they are 
opened and the contents dissolved in hydrobromic acid in a small silica dish. 

If there is any considerable difference in the activity of the salt in the different 
tubes, it is wiser to put those together which have approximately the same activity 
for the initial solution, and to put those of higher activity in a +1, •+■2, or +3 dish, 
depending on the amount of radium present. Crystallization is then continued with 
a general tendency to push up the radium from the lower fractions in^o the last silica 
dish in which the majority of the radium is finally accumulated. After thorough 
drying in a hot-air oven to free the salt from moisture and from water of crystalliza- 
tion, it is placed in a glass tube and hermetically sealed. In this tube a small platinum 
wire is sealed through one end in order to conduct away the unipolar charge that may 
collect in the interior, attaining voltages that could cause destructive sparking. 
Reports arc on record of serious radium losses having resulted through neglect of this 
precaution. 

RADIUM MEASUREMENTS 


Measuring Instruments.^ — The methods used for determining the amount of 
radium either in an ore or in a product such as a concentrate containing radium 
depend entirely upon the fact that radium and other radioactive substam^es ionize 
gases. Such ionization is due to the alpha, beta, and gamma rays which are emitted 
by radioactive substances. The methods are, therefore, (‘iitirely physical in character 
and involve an}' means of recognizing qualitatively or quantitatively the ioniza- 
tion in air or other gases produced by the alpha, beta, and gamma rays. Iwo instru- 
ments are usually employe.d for such a purpose, wz., an electrometer or an electroscope. 

The first instrument is adapted for use in chemical and physical laboratories, and 
is especially useful where a large number of readings are desired on a radioactive 
material in a short space of time. For example, where a decay curve is required and 
the points on the curve involve short intervals of time, an electrometer is very useful, 
as the length of time for making a reading on even a not very sensitive product is 
short, owing to the sensitiveness of the instrument that may be used. For ordinary 
practical purposes, however, an electroscope is much more satisfactory, and the use of 
Ihe electroscope only will be described in detail in this article. A suitable instrument 
usually consists of two compartments, one above containing a suspended gold or 
aluminum leaf, in front of which is attached a reading microscope, and one below m 
which the ore, radioactive solid or radioactive gas, to be tested is placed. 

If the material is a solid, there is a suitable door to the lower compartment which 
can be opened or closed for the introduction of the material. If radioactive gas is to 
be tested, the lower compartnumt is airtight and has two stopcocks, one for exhausting 
the chamber, and the other for the introduction of the gas after partial or complete 
exhaustion. Usually the leaf is electrically charged by a piece of 
on the sleeve of a coat, or by a battery of smaU dry celU, or ^y other «^ab e 
getting a sufficiently high voltage; the charge causes the leaf to rise. 
leak of electricity from the leaf is noted on the scale, using a stop watch to drt m 
the time the leaf drops between two different pomts, and calculated as a certam num- 

Solids.-lf a. approximate de^rmination of the 
of a sSL such as an ore is desired, the material is placed m the 
the leak of the leaf noted as before. If the ore contains 

radioactive element, the rate at which the leaf fal s w a w y chamber 

natural leak of the instrument itself, owing to the ionization of the air m the chamber 
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by the rays given off from the radioactive material. There are a number of pre- 
cautions, however, to be taken in making such measurements: (1) The illumination 
during the taking of the readings should be constant, and therefore it is better to have 
the electroscope in a i*oom artificially illuminated rather than to use ordinary daylight, 
which will vary from time to time. (2) Readings should always be taken between 
the same points on the scale. (3) In comparing two ores, their physical conditions 
should be as nearly as possible the same. This may be roughly assured by passing 
them through the same mesh sieve, preferably 40 or 60 mesh. Of course, every 
particle of the ore must be ground until it finally passes this sieve. 'Fhe same weight 
should be taken, and the same surface should be tixposed in the electroscope. 

In order to get these conditions conveniently, it is advisable to use a brass plate 
about ,^4 in. thick, of a size to fit into the bottom compartment of the electroscope; 
and in this should be cut, by means of a lathe, a circular depression in.ldeep and 
about 3 in. in diameter. This can be done by any brass worker. I'he bottom and 
the sides of the depression should be perfectly smooth, llie ore to be tested ip poured 
into the depression, the plate tapped gently so as to settle the ore, and then, bypassing 
the edge of a fiat piece of metal across the surface of the plate, the extra ore as wiped 
off and the depression left exactly filled with ore, having a flat surface. In this 
manner a fairly uniform weight of material is obtain(‘d for comparison, and the surface 
exposed in the electroscope is approximately constant. Of course, the density of the 
ores tested varies, but the method gives approximate results. I’he plate with the ore 
is introduced into the bottom compartment of the eIectros(‘ope and a reading taktm. 
The ore is removed and replaced by a sample of carnotite of known uranium (ontent, 
which serves as a standard. This sample, of courses, is pas.s(‘d through tli(‘ same mesh 
sieve as the sample being tested. The relative radioactivities, f.c., the rates at which 
the leaf falls, are roughly proportional to the amount of radioactive elements present. 

With an ore, the total activity will be due to the uranium, radium, and other 
disintegration products of the series. With a concentrate, such as radium-barium 
sulphate, the activity will be du(‘ to radium alon(\ Too much emphasis cannot be 
placed upon the fact that this method can be used only to compare^ similar radioactive 
products, and results are only approximate. For examjile, a carnotite ore must be 
checked against an analyzed carnotite ore, pitchblende against an analyzed pitch- 
blende ore, and a concentrate against a similar type concent rat(‘. As has already 
been pointed out, the physical condition of the material affects the results very 
markedly. 

The following example will show how to make a calculation: 

Natural leak of instrument = 5 divisions in 10 min. 

Natural leak of instrument = 0.5 division per minute. 

Rate of fall of leaf with standard ore (3 per cent UuO^) « 48.5 divisions per minute. 

Rate of fall of leaf with ore to be tested = 36.5 divisions per minute. 

Subtracting from each of these figures the natural leak, 0.5 division per minute, 
the results are 48 and 36. The percentage of U*Oh in the ore will then be (36 X 3) /48 
* 2 . 2 . 

If the natural leak is as low as 0.5 division per minute and the radioactivities 
of the samples are as high as those indicated in the above experiment, the natural leak 
can be neglected, as the error from it is less than the probable experimental error. 

Exact Determinations by Emanation Method. — The exact determination of 
radium is done by means of the emanation method, which involves separating radium 
emanation as a gas from its parent radium, and measuring its quantity in a gastight 
electroscope previously standardized with a known amount of radium emanation. 
Analyzed pitchblende has been employed to furnish known quantities of emanation 
for purpose of standardization. Htchblende is selected because it is a primary 
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uranuim mineral and contains the equilibrium amount o! radium to uranium. 
Therefore, by analyzing the mineral carefully for uranium it is possible to 
calculate exactly the amount of radium present; and a satisfactory standard 
is thus readily obtained. Secondary uranium minerals, such as carnotite, 
autunite, torbernite, etc., do not always contain the equilibrium amount of radium 
and, therefore, cannot be used as a standard. 

Three general methods of procedure may be used, as follows; (1) Release and 
measure the emanation from a substance in which it is in equilibrium with the radium 
content. This condition will usually not be fulfilled unless the substance has been 
retained for a month or more in a closed container. In exceptional instances, however, 
the radium might be contained in a solid of very compact structure, or wnth a glazed 
surface, so that no spontaneous loss of emanation could take place. But even with a 
dense mineral like pitchblende, the leak of emanation, called “emanating power, 
amounts at ordinary temperature to several per cent. 

This circumstance suggests the second procedure: (2) Liberate and measure 
the emanation retained in the solid and apply as correction the “emanating power,” 
which must be determined separately and preferably after the solid has been in a 
closed retainer for a month. Both of the above procedures, applicable, in general, 
to solids only, involve in practice long delays; and, although they are adapted to 
scientific investigation, they arc not suited to radium measurements for the purpose 
of plant control when (luick results are desired. 

The following proc(‘dure is shorter and preferable wlum its use is possible: (3) 
Kiunove the ('manation completely from the sample of the substance to be analyzed 
for radium ; close' it at oric(^ in a gastight vessel and allow the emanation to a(!cumulate 
for a eonve’nii'nt period, such as 1 to 10 days. Then remove it and measure it, making 
a time correction to find the maximum amount that would have been formed on the 
attainment of equilibrium, l^^or removal of emanation the radium must be contained 
eiihi'r in solution, or in a state of fusion. When radium and barium are in a solution 
togetlier, and there is a tendency for partial precipitation, either as a sulphate or as a 
silicate, the two elements will usually precipitate in the proportion in which they 
exist in the solution. 1 'he. presence, therefore, of a moderate amount of barium m 
solution has a tendency to hold the radium in solution and to give more exact results 


by the emanation method. 

Treatment for Solution Containing Barium in Large Excess over Radium, F 

a solution containing barium in large excess over radium, the treatment 's 
Place a suitable portion of the solution— such as will contain about 1 X 1 g. 
radium-in a sumll Jona flask and add to it a suitable quantity of 1 = ^ ^ 

Add a few glass beads and boil 5 to 10 min. to remove all emanation. Allow slight 
cooling and then close the flask tightly with a one-hole rubber stopper provided with 
a glass ’tube drawn out above to a capiUary tip. Seal the tip while U 

in the flask, in order to provide a partial vacuum, which f 

the flask is again opened, thus affording a proof that no outward leak of gas has taken 

place. Note the exact time and date of soalmg. suitable 

The treatment for a solution containing li«le or no nroceed 

portion of 1:1 nitric acid which is saturated with barium nitrate, and then proceed 

as in the treatmejit described above. i i. 4 ... .v.. rorKAttAte —-The detailed 

Procedure for Liquids Containing Excess of Sulphate or ^^onate ^he 

procedure for treating a liquid containing an exec® o m p ^ the’precipi- 

harium, is as follows: An excess of barium salt is added to the hquij 
tate is atcrod off. The filtrate containing an above for a 

nitric acid to the point of precipitation,, and is given e r nrecioitate if barium 
solution containing barium in large excess over radium. . The precipitate, 
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sulphate, is fused with four or five times its weight of fusion mixture of sodium and 
potassium carbonates and is treated as described later for fusions. If the precipitate 
is barium carbonate, it is dissolved in nitric acid containing sufficient sulphuric acid 
to precipitate an amount of barium sulphate convenient for fusion, which is filtered 
off. The filtrate that is obtained may be combined with the original filtrate and given 
the treatment as described for a solution containing barium in large excess over 
radium. All radium is then contained either in the filtrate, with an excess of barium, 
OP in the barium sulphate precipitate. The latter is fused with sodium carbonate and 
treated as described in the next section. Both of the liquid fractions are closed simul- 
taneously (within 15 min.) so that the time of accumulation will be the same for both 
lots of emanation which can be later introduced into one electroscope to determine the 
total radium. 

Fusion Method for Radium Determinations. — If the radium is contaiined in a 
substance not readily soluble, such as a radium-barium sulphate, fuse a suitable 
quantity in a small platinum or porcelain boat with four to five times the weight 
of sodium or potassium carbonate and note the exact time at which the material 
becomes solid. Close this boat in a glass tube as shown in Fig. 1. Allow li^^e cma- 


Fui. 1. — Apparatus for fusing Ua-Ba sulphate. 

nation to accumulate 2 or 3 days, (connect the glass tube at one end to a highly 
exhausted electroscope and at the other to a stopcock. Break the* glass tips inside 
the rubber connections and exhaust the air from the glass lube into the (*lectroscope 
several times, leaving enough vacuum in the electroscope chamber to ac<;ommodate 
the gas to be introduced later. Break the glass tube, remove the boat and its con- 
tents, wrap in a filter paper, and place in the neck of a flask, as shown in Fig. 2; it is 
then ready for treatment with 1 : 1 nitric acid after the flask has been connected with 
the gas burette as shown in Fig. 3. In this treatment the flask is tipped until the 
acid comes in contact with the carbonate fusion, thus beginning a gas evolution. The 
stopcock is immediately opened to the gas burette above, and the boat and contents 
are then thoroughly wet with acid and jarred down from the neck of the flask to the 
body of the acid. 

In larger fusions, the evolution of carbon dioxide may become rapid and care 
should bo taken in handling them; but in small fu.sions not exceeding 1 g. the lK>at 
may be shaken down directly into the acid, which should be heated to boiling as soon 
as the gas evolution begims to slacken. All the carbon dioxide i.s, of course, absorbed 
by the strong sodium hydroxide solution which is contained in the gas burette. The 
boiling off from this point is performed as with solutions discussed below. 

Boiling off Emanation from Solutions.— For boilir^ off emanation from solu- 
tions, the procedure is as follows: Set up an apparatus as shown in Fig. 3, wiring 
rubber connections at a and h to ensure tightness. Put into the leveling bulb c 
a stick of sodium hydroxide 2 to 3 in. long, or more if a large quantity of carbon 
dioxide is to be absorbed; make sure that stopcock d is closed and stopcock e open; 
pour boiling distilled water into the leveling bulb and allow the alkali to get into 
solution. If the boiling is too violent, put a one-hole stopper lightly into the mouth 
of the leveling bulb. After the alkali has gone into solution, raise the leveling bulb 
until the gas burette is filled to the stopcock e. If the quantity of air to be boiled 
off is small, some air may at first be left in the gas burette. Close stopcock c, and 
lower bulb c to its original position. Break the glass tip / inside the rubber tubmj? 
at a, and slowly open d to ascertain whether there is vacuum in the flask 
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close d again and begin to heat flask g over wire gauze. Test the vacuum every few 
seconds and as s^n as the pressure is outward open d, and cause the flask to boil 
vigorously. Contmue boiling until live steam has heated to boiling all the liquid 
in the gas burette h Ihis boUing should never be less than 5 min., and some- 
times 10 to 15 mm. of boil, ng is desirable. After the glass tip / has been broken, it 
IS likety to be carried upward by steam and in some instances has lodged in the stop- 
cock d and caused serious explosions. As a precaution, a roll of thin platinum foil 
can be introduced into the glass tubing, as indicated at i, or the stopcock d may have 
a wide bore, which also obviates the danger mentioned. 



Fiq. 2. — Fujsioij ready Fig. 3. — Apparatus for evolving 

for acid treatment. emanation and transferring to elec* 

troscope. 

Aft«r the boiling off has been completed, remove the flame, and as soon as the liquid 
begins to draw ba(‘k through the stopcock d close the stopcock and remove the flask 
entirely. Kvacuate the electro8<;opc chamber to a suitable vacuum, either by an 
aspirator, or, more conveniently, by a hand pump, and connect the sulphuric acid 
microdrying bulb / to the electroscope and to the gas burette as indicated in Fig. 3. 
Be sure that stopcock j is closed; open first the cock of the electroscope for a moment 
and reclose it ; then slowly open stopcock e to full width and then gradually open the 
stopcock to the electroscope, allowing the gas to bubble through the microdrying bulb 
at a fairly rapid rate. 

When the liquid in the gas burette has risen exactly to the point k close stopcock 
and open stopcock j, allowing dry, dust*frec air, which should preferably be taken 
from t)utside the laboratory, to sweep out the connections for a few minutes; then close 
the stopcock to the electroscope, reopen stopcock c, and allow the liquid in the gas 
burette to fall back 3 or 4 in. below the shoulder; close e, and then pour off all excess 
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liquid out of c; close j and again open e to the electroscope, allowing air to bubble 
from the bottom of the gas burette h through its entire length to ensure the removal 
of any emanation that may have remained dissolved in the liquid. Air should be 
allowed to bubble into the electroscope chamber until normal pressure has been almost 
restored. The above procedure for boiling off radium emanation is used for carbonate 
fusions introduced into acid, and also in handling any solids that are to be dissolved 
directly. For example, ground pitchblende and carnotite ore may be wrapped in 
filter paper in the way in which such a fusion is wrapped in Fig. 3, or sealed in small 
glass bulbs which are opened by being crushed against the bottom of the flask by 
tapping on the glass stem projecting through a second hole in the rubber stopper. 

Construction of an Electroscope. — Figure 4 shows an electroscope that is very 
suitable for radium determinations by the emanation method. Figure 5 ijepresents 



Fig. 4. — Electroscope with inter- 

changeable ionization chamber. 



Fig. 6. — Crriss wertion of elec 
troscope (one-fourth size.) 


a section of this electroscope, showing the gastight chamber at the bottom with 
openings at o for connections with stopcock. The electrode c is a brass cylinder 
3^ in. in diameter. It is suspended by a small bra.s8 rod in. in diameter, which 
screws into the top of the electrode, passing upward through the insulating material d, 
and terminating in a small conical top c, serving to make metallic contact with the 
leaf system above. The leaf system / is supported from the top of the cylinder, where 
it is held in place by the sealing-wax insulation set in a milled-head cap p, w hich screws 
into a vertical collar on the cylinder }^in. m height. The cap is hollowed out inside 
to contain the insulating wax, from which a flat brass rod/, H in. broad, about 
thick, and 2^^ in. long, projects downward, terminating below in a light brass spring 
«, to make contact with the conical top of the electrode of the ionization chamber. 
The leaf is of aluminum, about 2 in. in length, and is attached to a small offset at the 
top of the brass rod by a moisture contact. The electroscope can either be charged by 
a piece of hard rubber or, better, by a battery of flashlight storage cells giving 500 or 
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600 volts. The reading microscope in front of the instrument carries a micrometer 
scale ^rvmg to measure the rate of discharge of the leaf. The eyepiece fits firmly 
into the case so that its rotation is difficult after the micrometer scale has been set 
parallel to the leaf. 

Order of Procedure in Using Electroscope.— (1) Set up the electroscope and 
charge for 15 min. from a battery with just sufficient voltage to hold the leaf on 
the part of the scale to be used later. (2) Observe the? natural leak during 15 or 
more minutes. (3) Carry out the calibration control by means of penetrating rays 
if radium is available for this purpose. (4) Detach the top and evacuate the lower 
chamber to the desired vacuum. (5) Pass the emanation-air mixture through a 
sulphuric acid drying tube into the evacuated chamber and restore normal pressure. 
(6) Allow the emanation to stand in the discharge chamber for 3 hr. (7) Charge 
for 15 min. as before. (8) Take three readings if agreements are good, or ten if 
deviations are greater than 1 per cent. (9) (^lean out the emanation chamber by 
drawing dry dust-free air through it for some time (overnight if convenient). (10) 
Calculate the discharge and subtract the natural leak, expressing both in divisions 
per second. (11) CJompare the corrected discharge with the calibration of the 
instrument to determine the quantity of radium under measurement, taking time 
corrections into consideration. 

Calibration of Electroscope. — The calibration of the electroscope is carried 
out in exactly the same way as in ordinary measurements, except that a known quan- 
tity of emariation is introduei'd. 1Tis kno\\n quantity may be obtained in two ways, 
as follows: (1) From a standard solution of some radium salt by passing air through 
it until its emanation is all transferred into the electroscope. This method is not 
satisfactory, as it is difficult to know always the amount of radium in solution, owing 
to the tenden(‘y of a portion of the radium to precipitate out of solution as sulphate 
or silicate. (2) The preferable practice is to use high-grade analyzed pitchblende, a 
suitable quantity being dissolved for cacti standardization, and the quantity of radium 
being calculated from the uranium analysis. The quantity of radium emanation 
obtained on dissolving the pitchblende vill not correspond exactly to the radium 
content because a small fraction of 2 to 10 per cent of the gas diffuses from the ore; 
this fraction, tiTmed the “(‘inanating power of the ore in the cold, must be deter- 
mined by sealing a quantity of the ore in a tube for a month or more, and drawing 
off the emanation into an (‘lectroscope by the passage of air. The ‘‘emanating power 
thus determined in the standard sample is used as a subtraction correction. Con- 
venient quantities of radium emanation are those which will produce a discharge 
of the order of one to two scale divisions per second. The use of pitchblende as a 
standard is based on the fact that in any unaltered uranium mineral the ratio of the 
radium present to the uranium is constant. One gram of uranium is in radioactive 
equilibrium with 3.3 X lO"’ g. of radium. 

Sample Determination of Radium Content of an Ore.-— A sample of pitchblende 
loses 10 per cent of its emanation at room temperatures. It contains 50 per cent 
metallic uranium. Therefore 22 mg. of the ore will, on dissolving in acid, liberate 
emanation in equilibrium with 10 mg, (0.01 g.) of metallic iiraniiim. This emanation, 
3 hr. after introduction into the electroscope, causes the leaf to fall at the rate of 40.5 
divisions per minute. The natural leak (0.5 division per minute) subtracted from 
this leaves 40 divisions per minute duo to the emanation. Therefore the fall of one 
division per minute represents the total emanation associated with 0.01/40 « 2.5 
X 10~^ g. of uranium in the mineral. This is the “constant’ for the electroscope. 
One gram of ore is fused with fusion mixture as already described. At the end of a 
uionth the emanation obtained from tlie two solutions is introduced into the electro- 
scope. After 3 hr. the rate of fall of the leaf is 18.5 divisions per minute. Sub- 
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tracting the natural leak (0.5) leaves 18 divisions per minute. Therefore 1 g. of the 
ore contains 18 X 2.5 X lO*** — 45 X 10“* g. of uranium. ^ As 1 g. of uranium is in 
radioactive equilibrium with 3.3 X 10“’ g. of radium, 1 g. of the mineral will contain 
(45 X 10“*) X (3.3 X 10“’) * 1.48 X 10“« g. of radium. 

OTHER RADIOACTIVE ELEMENTS 

Mesothoritun. — Of the other radioactive elements that have commercial use 
mesothorium is the most important. It is a disintegration product of thorium ami 
is, therefore, associated with this metal in all thorium minerals. Its half-life period 
is very short, compared with that of radium, being only 5^^ years. Therefore, com- 
mercially it has not the same value as radium, especially for cancer treatnient, or for 
purposes where it would naturally be carefully preserved and a long life would be of 
advantage. When its commercial use is likely to last over a limited period, \such as in 
luminous paint for cheap watch dials and electric push buttons, it is just aS useful as 
radium and can be substituted for the latter element in luminous pain t\ for sucli 
purposes. Since mesothorium 1 gives off beta rays only, and the alpha ra>^ are the 
main source of luminosity in paints used for watch dials, etc., it is necessary for the 
mesothorium 1 after preparation to be allowed to “ ripen for a year or even two years 
so that the alpha rays, due to the gradual aeeumulation of radiothorium, can be used. 
The general effect, therefore, is for the luminosity of such paints gradually to increase 
for two or three years and then, after coming to a maximum, gradually to decrease. 
Mesothorium 1 chemically is allied to l)arium and radium and, therefore, can he 
precipitated with barium just as radium is. The usual procedure in manufacture 
is to add 2 or 3 lb. of barium chloride per ton of monazite treated. When the monazitc 
is heated with sulphuric acid in order to extract the thorium and other rare earths, the 
barium sulphate and mesothorium sulphate are left behind in the residue and can be 
recovered from the coarse silica, etc., by sliming. The crude conetmt rates so obtained 
can be still further purified by fusion with a mixture of caustic soda and sodium carbon- 
ate, by which meams the silica is converted into sodium silicate and can be washed 
away from the barium-mesothorium carbonates, or the sili(‘a can be eliminatod by the 
use of hydrofluoric acid. The refined sulphate so obtained i.s purified by the same 
methods described under the refining and purification of radium. 

Actinium. — Actinium was di.scovered by Debierne in the iron group separated 
from pitchblende, shortly after the discovery of radium and polonium. Actinium 
itself is probably rayless, but its first prod\ict, radioactinium, has a half-life period of 
18.8 days. Actinium preparations when first made increase enormously in activity 
over a period of several months. It is, therefore, comparatively easy to overlook its 
presence, unless the preparations are kept ai»d their activity tested periodically. 
Actinium is easily obtained with iron and rare earths by precipitating barium as 
sulphate in an acid solution; find this accounts for its presence in pitchblende residues. 
In working these up, the acid solutions, after removal of polonium by means of 
hydrogen sulphide, are oxidized and precipitated with ammonia, the actinium being 
precipitated and the radium and barium, of course, remaining in solution. 
precipitate may be extracted with dilute hydrofluoric acid, the insoluble part consist- 
ing of La, I)i, Cc, and Th retaining most of the actinium. The rare-earth clenu'nt 
most closely associated with actinium is lanthanum. In the presence of ammonium 

1 Thin i» true only when the uranium and the radium are in equilibrium. In other canes it repreet'JO’? 
the theoretical amount of uranium in equilibrium with the radium actually present. In pitchbloiui(. 
nince it is a primary mineral, the ratio of uranium to radium is constant, 1 g. uranium *» 3.3 X ^ ^ 
radium, or 2000 lb. U»0» « 381 mg. HaCb, and if the percentage of uranium is known by sna!>> " 
the amount of radium preacni can be calculated directly. In carnoiite and other recent uriinn'i ' 
mrnerals. the equiUbrium ratio is not constant and the radium present has to be found by experiment 
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salts the precipitation of actinium is far from complete, but it is completely precipi- 
tated in the presence of manganese from basic solutions. 

Polonium. (Radium F.) Polonium is one of the short-lived radioelements 
having a half-life of 140 days and giving off alpha rays only. Its discovery was 
due to the fact that it is closely allied to bismuth and precipitates with bismuth in 
the second group. For this reason it is easily separated from radioactive minerals 
in crude form by digesting radium containing residues of pitchblende or camotite 
ore itself with hydrochloric acid. A part of the polonium is dissolved and may be 
precipitated with hydrogen sulphide. The polonium may be purified (1) by fractional 
precipitation from solutions made verj' acid with hydrochloric acid, the polonium 
being enriched in the precipitate; (2) by fractional precipitation of the basic nitrate 
with water, the precipitate being enriched; (3) by .sublimation in vacuo, the polonium 
being more volatile. By immersing a plate of bismuth, silver, copper, etc., in a 
hydrochloric acid solution, the polonium is practically completely precipitated. The 
theoretical quantity of polonium in minerals is 1 g. for 14 tons of uranium element, 
assuming that no radium emanation c-scapes from the mineral. As such a condition 
never exists in nature, the actual amount is Ims than the theoretical. 

Radiolead. (Radium D.) — There are three kinds of lead: (1) one representing 
the final disintegration product of the uranium series; (2) the final disintegration 
product of the thorium series; and (3) ordinary lead, which so far as is known, does 
not owe its origin to radioactive changes. 'I’lie first has an atomic weight of 206, the 
second 208, and ordinary lead 207. Since radiolead, or radium 1), resembles lead 
perfectly in all its cluimical reactions, in the treatment of uranium minerals it cannot 
he separated from the lead which is found in such minerals. It is, therefore, obtained 
in association with this lead M'hen the latter is precipitated during the refining of the 
radiutn-bariutn sulphate, dominon commercial lead contains traces of radium D 
and is more distinctly radioactive than moat other metals. For this reason, in making 
instruments, a very old lead should, if possible, be employed, as in this the radioactive 
constituents will largely have decayed. Another source of radium 1) is old radium, in 
which the radiolead has to a certain extent accumulated. If, however, a sample of 
this element is required in concentrated form, the best method is to remove the 
emanation periodically from a radium solution kept in an airtight vessel and introduce 
the emanation into a closed vessel. As the emanation decays, the radiolead will be 
fornu'd and will be depositwl on the sides of the vessel. This can then be dissolved 
by acid and precipitated by ammonia or other lead precipitanta, provided a small 
amount of lead salt is introduced in order to give a precipitate sufficiently large to be 
handled. 
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TIN 

By R. L. Hallett^ 

Physical Properties.® — Tin is a relatively soft silver-white metal with brilliant 
luster. Its atomic weight is 118.7. It is not very duetih^ — it is too soft kn permit 
drawing. It is very malleable and may be rolled into thin sheets, the property which 
is utilized in the manufacture of tinfoil. Tlu* tensile strength of tin is hW, being 
somewhat higher than that of lead but lower than most of the other metali Most 
impurities tend to increase the tensile strength of tin, but they also decrease its malle- 
ability and ductility. 

The specific gravity of tin varies with the method ot preparation; the specific 
gravity of cast tin is about 7.29, of roll(‘d or extruded tin about 7.31. The melting 
point of tin is 232°('., and the boiling point has been reported to be about 22f)0®C. 

Most of the impurities usually found in tin t(‘nd to make it harder and more 
brittle. Many of them tend to rai.se its melting point, but some of th(un (such as 
lead) form eutectic mixtures with tin and lower its imdting point. 

When tin is exposed to low temperatures, the physical character of the metal 
seems to undergo a complete change*, probably a molecular cluinge, during which the 
solid metallic form is changed to a gray powdiu nkade up of small grains. This form 
is known as the “gray modification” and secmis to be an allotropic modification of tin. 
The change may take place at temperatures below I'he specific gravity of the 

gray modification has been reported to fx* about 5.8. 

Tin in its ordinary form is somewhat crystalline' in structure, the cast form being 
more crystalline than the rolled form. When a bar of tin is bent it gives a character- 
istic “cry,” a slight cracking noi.se, probably caused by the friction of the (*rystals on 
each other. 

Chemical Properties. — At ordinary temperatures, metallic tin is not readily 
acted on by many chemical substances. The action of tlie elements of the atmosphere 
is slight, accounting for the wide use of tin as a protective coating for iron and steel m 
the well-known form of tin plate. 

Cold dilute hydrochloric; acid diasolves tin slowly, and the action is more rapid 
when hot concentrated acid is used. Stannous chloride is produced and hydrogen is 
given off in the reaction. 

Dilute sulphuric aedd slowly dissolves tin with the involution of hydrogen, and hot 
concentrated sulphuric acid dissolves tin rapidly with the evolution of sulphurous 
anhydride and the separation of sulphur. 

Very dilute nitric acid dissolves tin without the evolution of gas, forming stannous 
nitrate and ammonium nitrate, and strong nitric acid rapidly converts it into meta- 
stannic aidd, which is insoluble in most other acids. Aqua regia (nitrohydroehlorK; 
acid) dissolves tin n;adily, forming stannic chloride. 

Tin usually acts as a base but sometimes as an acid. Tin oxide, SnOu, is 
appreciably attacked by most acids, but at high temperatures tin oxide reacts readily 


’ Chicff Cheiriist, National Lead Co., New York. 

* Referenees are to similarly numl>«red references in the Bibliography at the close of the chapt<*r 
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with silica to form the silicates. When tin oxide is heated with some strongly basic 
substances, such as fixed alkalies, staimates of the bases are formed. 

Alloys—Tin readily forms alloys with most of the other metals. Some of the 
alloys are of great commercial and industrial value, but the use of tin in alloys is 
second in importance to its use in tin plate. 

Perhaps the most important alloys of tin are those with antimony and copper in 
bearing metals, with lead in solder, with lead and antimony in type metal, with lead 
in terncplate, with copper and sometimes zinc in bronze and many other alloys used 
for minor purposes. 

The only tin alloys that greatly affect the Hietallurgy of tin are the alloys of iron. 
Tin alloys readily wdth iron, which fact is said to account largely for the success in 
plating iron with tin. 

The tin-iron alloys formed in some tin metallurgical operations are known as 
‘iiard-liead.’’ They have very high melting points and introduce certain difficulties 
in the metallurgy of tin. The best known hard-head alloy is FcSn^. The alloy 
containing 50 per cent tin and 50 per cent iron has the lowest melting point, which is 
given as 1140”C1.[21. 

Tin Ores. — By far the most, important ore of tin is the mineral cassiterite, which 
is tin dioxide, SnOa. It contains 78.6 per cent tin and 21.4 per cent oxygen. It 
crystallizes in the tetragonal sy.stem and has a hardness of 6 to 7. The specific gravity 
is 6.8 to 7.1. The color is brown or black, sometimes rod, gray, white, or yellow. 

The occurrence of tin as the mineral stannite, a triple sulphide of tin, copper, and 
iron, has been roport<‘d and is of interest, but no deposits of commercial value have 
been found. A number of other tin minerals have been identified in various places, 
but are of scientific interest only. 

Tin oxide (cassiterite) is the commercial ore from which the tin of commerce is 
])r()duced. It oc(*urs in many parts of the world in original deposits in the form of 
veins or lodes, and also in transportc^d alluvial or pla(;er dc'.posits. The occ.urrence in 
these two forms gives rise to the two names for the ore: “vein tin^' and “stream tin,’* 


designating the vein and the placer deposits. , „ i 

Tin ores also are referred to as “tin stone/' “washed tin," “tin sand, black 
tin," and “barilla," the different terms being used in different localities where the 
nomenclature probably has been developed locally. 

Minerals containing other nudals often are found associated with cassiterite m the 
original vein deposits, but in the pla^^er deposits the tin ores usually fairly pure 
because, while cassiterite is practically unaffected by the action of the elements of 
nature that decomiaise the original vein formations and transport the decompose 
material to the placer deposits, many of the othiT minerals arc altered such an 
extent that the metals contained in them are readily washed away and are not found 


as.<ociated with the cassiterite in the placer beds. . . , pv p* w 

The metals often found associated with cassiterite in vein deposits are Pb, Bi, W 
8b Zn Cm Ac A.s and Fe. While tlie tin almost invariably occurs as the oxide, the 
ol are nearly always in the form of -Iphides, ex^pt arsenic 

and tungsten, which usually o<‘Cur in the form of arsenides , 

OccurteB;e.~--Tiu has been found in many parts of the S 

areas (such as practically the whole of North America) no tm deposits of any gr 
commercial value have been discovered up to the present mie. aj ojav States 

The largo and valuable tin deposits of the world are found m the Malay WMes 

{'•omprising the Malay Peninsulal, Nethcrl^ds Nas n , . Argen- 

IVlgian (fongo, China. Nigeria, Buma with 

tma, Cornwall, Indo-China, Japan, Portugal, Nigeria, and 

the Malay States, Netherlands East Indies, Thailand, Belgm. Congo, Nigeria, 
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Burma is very largely from placer deposits. The important ore deposits in Bolivia, 
China, and Cornwall are mostly vein formations. 

Up to and including the eighteenth century, civilization secured its tin supply 
mainly from Cornwall in England and from Saxony and Bohemia in Europe. Early in 
the nineteenth century the European deposits became practically exhausted, but the 
Cornwall deposits increased in production and importance, and together with the 
placer deposits of the Netherlands East Indies, formed the main supply until produc- 
tion from the Malay States began to come in toward the end of the nineteenth century 
and the early part of the twentieth century. At the present time, the Cornwall 
deposits have become greatly depleted. During the first twenty years of the twentieth 
century, the Malay States became the largest producer of tin and have occupied 
that position continuously until the present time. The production of tin from Bolivia 
began to be a material factor toward the end of the nineteenth century, and at the 
present time the production from both the Netherlands East Indies and ^Bolivia is 
second only to that of the Malay States. \ 

The production from the different localities during the years 1936 to 1940 as given 
in '' Minerals Yearbook is given in Table 1. \ 


Table 1. — ^^'oRLI>’s Production of Tin 
(Tin content of ore in long tons) 


Country 

1936 

1 1 

1937 

1938 

1939 

1940 

Belgian Congo 

6,301 

8,084 

8,820 

9,663 

7,600 

Bolivia 

24,0u2 

25,128 

25,484 

I 27,211 

37,923 

Malay Slates: 






Federated 

64,680 

75,117 

41,206 

49,525] 



Unfederated 

1,979 

2,075 

2,041 

1,994 


! 85,384 

Straits Settlements 

58 

72 

114 

206 



Netherlands East Indies 

30,728 

39,133 

27,299 

27,755 

44,447 

Nigeria 

9,648 

10,782 

8,977 

9,427 

12,012 

ITiailand j 

12,633 

15,786 

14,704 

17,325 

17,447 

Burma 

4,546 

4,636 

4,412 

4,500 

5,500 

Australia 

3,027 

3,256 

3,329 

3,500 


China 

11,082 

12,871 

11,605 

10,422 

6,349 

Other countries 

10,266 

ll,lf)0 

11,909 

11,172 

15,038 

Total 


208,100 

159,900 i 

172,700 

'2^,700 


During the years preceding the First World War m\ich of the tin ore from the 
Malay States was smelled in Singapore and Penang (Straits Sf^ttlements), and much 
of the tin ore rained in the Netherlands East Indies (thoJslands of Banka and Singke^p) 
was smelted in Holland. Practically no tin ore of the Far lOast has l>een smelted 
in the United States because of the foreign government restrictions which have 
prevented the development of an American tin-smelting industry with the ores from 
that source. 

Before the First World War a large proportion of the Bolivian tin ore was smelt < d 
in England and the remainder in Germany. As the war progressed, Germany 'Vfis 
eliminated because of her inability to secure Bolivian ore, and for several years diiriiig 
the war the tin ore from Bolivia was smelted almost entirely in England and in the 
United States, each country receiving about half the Bolivian output. 

The tin-smelting industry in the United States was not started until 1916, but 
rapidly developed thereafter until in 1923 it had reached an annual tin-smelt » 
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capacity of about 20,000 tons of fine tin. During 1923 the tin-smelting companies 
in the United States were forced to abandon their operations, owing to their inability 
to meet the cheaper costs of smelting tin ore in Europe, chiefly in England and 
Germany. 

From 1923 to the time of the Second World War a large part of the Bolivian ore 
production was smelted in England, although some was smelted in Germany and 
Belgium. After the start of the Second World War the Longhorn tin smelter was 
constructed in Texas by the American government. When it was completed about 
half the Bolivian ore was smelted in England and half at the Texas smelter. 

Prior to 1916 the only tin produced by smelters in the United States was the 
secondary metal obtained from the smelting of dross, scrap, and refuse. Smeltiiig 
of dross and the recovery of secondary metal still is and will continue to be an impor- 
tant industry in the Ignited States, and the amount of tin so produced is probably 
about 30 per cent of the primary tin used in the Unit^ed States. 



1 Open-cut tin mines, Straits Settlements.' 


Consumption.— 'Fhe world’s recent peacetime annual production of 
tin has been about 180,000 long tons, of which about 40 per cent 
in the United States. Of the tin consumed m the I nited StatM a P - 

is used for tin and terneplatc, about 25 per cent for bcMing metals “^ solder <md the 
remainder in various industries whore tin in diiferent forms is Thejm^ 

States, therefore, occupies the unique position of being le Alaska 

co„su;er of tin, but which, a*ide from the insignificant ^ 

produces practically no tin from natural deposits and must depend entirely suppUes 


from foreign countries. mptal the location 

Grades of Tiu.-With tin, perhaps more to a 

and the character of the ore deposits from w i produced. In metallurgical 

largo extent the quality and the use of they are recovered 

recovery operations most metals are so co P . ' ‘ fpj, gpeh metals are 

eventually in pure form generally the ores from all sources are 

Hsed. The methods of refining are no matter what impurities 

innenable to the methods and pure metals ar p , u- 
b. «.oci.ud .ith lb. mM. b. lb. .ns- " 

' ingureB 1 to 5 inriuaivw are by courtesy of Mai y 
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With tin the conditions are quite different. The selection of tin for various u^es 
depends greatly on the impurities that the refined tin contains and, because of the 
difficulty of removing the metallic impurities in the tin-refining process, the success 
in refining depends to a considerable extent on the purity of the original tin deposits 
and the kind and amount of other metals associated with the tin in the original ore. 

For this reason, tin from the ores obtained from certain localities has established 
a reputation for quality not because the metallurgical methods of recovery and refining 
of the tin are superior, but because the tin ores produced in those localities contain 
such small amounts of associated metal impurities that fairly simple metallurgical 
methods produce refined tin of great purity. 

Tin from other sources where the ores are contaminated by large amounts of 
other metals is refined with great difficulty and even after refining to tAie greatest 
possible degree permitted by competitive cost is usually not so pure as tne tin from 
the localities where the ore does not contain the impurities in the original oie deposits. 



Fia. 2. — 0})en-cut mine, Straits Settlements. 


This condition has developed the present tin situation, where reputation of brand, 
resulting partly from metallurgical treatment hut largely from purity of the original 
ore deposits, is the first consideration in purchasing the irn^tal. 

The metallurgical methods used in diffenmi smelting plants have been specially 
developed to treat the different kinds of ore obtained from different lotuilitics and for 
that reason great differences in metallurgical pro(*esses and mitlhods of treatment 
have resulted. These methods have been (tarried on for such a long time that they 
have become more or less standardized in the various smelters, and the different 
brands of tin are fairly uniform in regard to the kind and amount of impurities they 
contain. Tin made from ore from different parts of the world varies somewhat ui 
purity, and the uses of tin also vary, as some uses seem to require tin of great pur^t.^ , 
while others are satisfactorily met with tin that is somewhat less pure. 

The kind as well as the amount of impurities contained in tin is an imporhuit 
consideration. While there are undoubtedly characteristic differences in the cf un- 
position of tin produced from the different ores, taken altogether, the diffcjrences at e 
not great when refining has bcien propcirly done. For many years tin has be< » 
marketed under the brand or trade name of the producers. This has led to the 
tinct classification according to brand, and each brand has assumed its own relatr e 


Table 2. — Typical Analyse'^ of the Principal Brands of Primary 
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importance in accordance with its reputation for uniformity and the kind and amount 
of impurities it contains. 

The principal brands of pig tin produced by the tin smelters of the world together 
with the countries in which the smelters are located and typical average analyses of 
each brand are given in Table 2. 

Prices. — Under normal conditions, where the prices are controlled by supply and 
demand, the principal markets are in I^ondon and New York, and prices are estab- 
lished at those points. Prices in London and New York are usually fairly near 
together, the Ix)ndon price being just enough under the New York price to represent 



Fig. 3. — Hydraulic mining. Straits Settlements. 


approximately the cost of freiglit from Ixmdon to New York. The average yearl.' 
prices of Straits tin for prompt delivery in 7sO\y York as published in Minerals Year 
hook are given in the following t.ible: 


Pig Tin Prk k.s in Nkw York 


Year 

Average, Lents 
per Pound 

1936 

46 42 

1937 

54 24 

1938 

42 26 

1939 

50.18 

1940 

49 82 


Milling. — The mining methods used to remove the tin ort^ from the natural 
deposits depend to a large extent on the character of the deposits, whether vein or 
placer, and to a less extent, on the location, kind of labor available, climate and otlc r 
local conditions. 

The vein deposits are worked by mining methods very similar to those used tor 
the hard-rock mining of the oros of other metals. 

The placer deposits are mined with open Cuts and by hydraulic sluicing 
dredging. Some of the open-c\it mining in the Far East is done in a crude and < Mo- 
mentary manner, but much of the hydraulic sluicing and dredging is carried on 
according to the best modern mining methods. 
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The sand and gravel from the open-cut mines usuaDy are treated in sluice boxes and 
sometimes even in hand pans to concentrate the cassiterite and wash out the worthless 
material. Typical open-cut mines in the Malay States are shown in Figs. 1 and 2. 

Where hydraulic sluicing methods are used, the placer ground often is broken up 
with modern giants^' or '*monitors,^* and the sand and the gravel are washed through 
sluice boxes to concentrate the tin mineral. Hydraulic mining in the Malay States 
is shown in Figs. 3 and 4. 

Dredging is done with floating boat dredges following practice similar to the dredg- 
ing of placer ground in other parts of the world. 

The tin ore from vein-mining operations is milled at the mines. It is first crushed 
to break the cassiterite away from the associated minerals, and it sometimes is neces- 
sary to crush some of the gravel from placer ground to accomplish the same end. 

The mined and crushed ore is then treated in sluice boxes, hand pans, or, in the 
more modern operations, with standard wet-concentrating machinery. As the specific 



Fio. 4.—HydrauUc mining, Straits Settlements, 


gravity of most of the gangue minerals is lower than tlje specific gravity of cassiterite, 
the mechanical concentrating treatment removes most of the gangue and earth Md 
leaves the tin in the form of cassiterite. concentrates, usually containing more 
60 per cent of tin. Hand picking sometimes precedes the ^ 

ment. In the purchaae of tin concentrates by the English tin smelters tho teea^t 
chareo is usually based on concentrates containing 60 per cent tin with an increased 
teeXrchi if the concentrates contain less than 60 per cent tin, and a decreased 

charge if they contain more than 60 per cent tin. from the 

K the ore is obtained from placer ground, the t nwid fmm 

mechanical treatment are usually fairly pure, but 1 nnts of the sulnhides 

deposits, the concentrates may be contaminated with small amounts of the sulphides 

Ore for Smelting— Modern smelting reduction methods as appW 
to to metaUufgy of tin are fairly efficient and 

lurgical and chemical characteristics of tin, the etnlUe imnurities which are 

entirely satisfactory and fail to remove comp e e y le “ ^ necessary to 

reduced with to tin in to smelting process. the mil 

treat specially to tin concentrates from some localities so as to reno 
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impurities they contain and make them suitable for smelting. Tin concentrates 
from other localities, where the original ore deposits do not contain the metal impuri- 
ties, require much less treatment to prepare them for smelting, and some tin ores are 
smelted successfully after simple mechanical concentration to remove the gangue. 

Generally speaking, the tin concentrates from vein deposits, particularly those of 
Bolivia, require the most extensive preparation before smelting, and the tin concen- 
trates from placer deposits require the least preparation. 

A number of methods are used to remove the metal impurities from the tin con- 
centrates before smelting, and these methods might be classified somewhat broadly 
as follows: (1) roasting, followed by further mechanical separation of minerals that 
are broken away from the c.assiterite by roasting, or are altered in such a, way as to 
change their specific gravity and make them more amenable to mcchaniejal concen- 
trating methods; (2) roasting, followed by leaching with water or with acid solution; 
dilute solutions of sulphuric acid and hydrochloric acid are sometimes used in this 
process; (3) heating with sodium carbonate or salt cake ('sodium sulphate )\ followed 
by leaching wuth water; (4) chloridizing roast with sodium chloride (salt) folmwed by 
leaching with water or hydrochloric a(!id; (5) the removal of metal impurities), present 
in the form of sulphides, by oil flotation, ' 

Roasting Followed by Mechanical Concentration. — (.'assiterite is not decomposed 
or appreciably altered when calcined at a red heat, but many of the associated min- 
erals containing other metals are so altc^red as to make further mechanical st‘paration 
possible. During the roasting process, much of the sulphur and arsenic and some of 
the antimony arc volatilized and removed. After roasting is completed, the n^sulting 
material contains tin oxide, substantially in its original form; oxides of iron, zinc, 
bismuth, and copper; sulphate of lead; some arsenate of iron; and small quantities 
of more or less unaltered sulphides of the metals, together with some unaltered tung- 
sten compounds and minor amounts of other mineral products. The volatile prod- 
ucts, particularly arsenious oxide, sometimes are collected and re<*overod in baghouses 
or other dust-collecting equipment. 

Some of the associated minerals are broken away from the cassiterite and freed 
from it by the roasting treatment. When the calcined material is further treated by 
mechanical concentration methods, some of the altered or separated minerals arc 
removed, producing purer and cleaner cassittjrite concfuitrates. 

The roasting of tin concentrates is done in roasting furna(‘f's of many typ(»?, more 
or less followdng roasting practice used in the metallurgy of the ore.s of other metals. 
The roasting may be done in hand-rabbled reverberatory furnaces or in mechanical 
furnaces, of which many types arc in use. Perhaps the most popular furnaces for the 
roasting of tin ore are those of th<‘ rotatiug-eylind(T type, su(‘h as the Oxiand and 
Hocking and the White-Howell furnaces These furnaces are made with a heavy 
steel or cast-iron cylindrical shell 30 to 40 ft. long and 4 to 0 ft. in diameter, lined w ith 
firebrick. They are placed in a nearly horizontal position and arc ecpiipped with 
bearing rings that run on friction rollers. The furnacelTare driven by gears attached 
to the shell and rotate at fairly low speed. 

The charge end is slightly higher than the discharge end, which arrangement cause, s 
the material in the furnace to pass slowdy througli as the furnace rotates* C V)al or oil 
is used for fuel, and the heat is usually admitted at the discharge end. 

Roasting funiaces of the fixed-hearth revolving-rabble type also are used* Fur- 
naces of this type are the Wedge, Herreshoff, MacDougall, Ridge, Pearce Turret, 
Merton, and others of similar construction. Most of these furnaceji have fixed circu- 
lar hearths wdth revolving rabble arms mounted on a central vertical rotating shaft 
The arms are fitted with rabbles which slowly stir the charge and carry it around the 
hearth as the rabble arms revolve. Some of the furnaces of this type have but r. 
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single hearth, while others have several hearths, one above another, all operated by 
the same central shaft. The top of the furnace sometimes is used as a drying hearth 
to remove the moisture before the charge is fed to the first enclosed hearth. The 
furnaces usually are built of firebrick, with arched-roofed and sometimes arched-floor 
construction. 

The roasting problems involved do not differ materially from those encountered 
in the roasting of the ores or other metals. The larger multiple-hearth roasting fur- 
naces and the larger rotating-cylinder furnaces have about the same capacity, and 
about 1 ton of tin concentrates per hour can be roasted satisfactorily in such furnaces. 
The fuel consumed is 100 to 300 lb. of coal per ton of tin concentrates roasted. It 
generally is desirable to crush the ore or concentrates before roasting, and satisfactory 
results usually are obtained if the material is crushed to pass about a ?i-in. screen. 
To maintain proper roasting conditions, it usually is desirable to keep the roasting 
furnaces at temperatures of 550 to 650°C. The type of furnace, kind of fuel, and 
roasting cost depend on the location, character of labor, kind and amount of impurities 
in the tin concentrates and other conditions that affect roasting problems in general 
and that have been described fairly completely in the first volume of this work. 

Roasting Followed by Leaching. — Instead of mechanical concentration following 
the roasting of tin concentrates, the calcined material sometimes is leached with 
water or acid solution to remove products that have been made soluble by the roasting 


treatment. j t. x. i u- 

Lea(*hing with water sometimes emoves certain soluble compounds, but leaching 

with dilute a(;i(l solutions is more effective, as some of the products formed during the 
roasting proc(‘S8 are readily soluble in acids, although insoluble in water. 

Heating with Sodium Compounds.— Some tin concentrates contain tungsten 
compounds, which are not greatly affected by simple roasting When these wm- 
pounds are heated with sodium carbonate or sodium sulphate to about bOO t., 
tuiiEstate is formed. If the procinjs is carried beyond the stage of the formation oJ 
sodium tungstate, some sodium stannate is produced, and for that reason an excess 

of sodium earhonate or sodium sulphate should be avoided. j . r 

In this process the, tungsten minerals react with the sodium compounds to foiro 
sodium tungstate, wliioh is soluble in water and may be removed by leaching the 
treated mat.-rial with water in a properly constructed vat. 

may be rei^overed from the solution by evaporation. After being suitably purified, 

’ The i-esrrhSd be controlled by regulating the amount of sodium eax^nate 
or silSLt::, that it will be pre^-nt in -tficient quant^y ^ -mbme the 

tungsten but will not be present m excess so .®. results have not been 

This process has been used in several localities, but the recite ^ 

entirely satisfaotorj', and the process is perhaps the most satis- 

time. The removal of tungsten minerals by ^ remove the 

factory method and is the one generally used when it is found neces^irj 

tungsten minerals before smelting. „ removing impurities from tin 

Jennings and DolanOl have proposed a (bisulphate) 

concentrates by heating the concentrates affected by this treatment 

instead of salt cake. They state that the sulphates and may be 

and that many of the other impurities are converted to solubles p 

leached out with water. contaminated with sulphides 

Chloiidiziiig Roart. — When the tin ^ , leaching, sometimes is used to 

of the other metals, a chloridismg roas , o «rv ^ ^^e sulphides of many of the 
purify the concentrates ^ ^Sing atmosphere, the sulphur becomes 

common metals are roasted with salt m an 
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oxidized and combines with the sodium of the salt as sodium sulphate, while the metals 
combine with the chlorine in the form of chlorides. Cassiterite is practically unaf- 
fected by the chloridizing roast. 

In the chloridizing metallurgical operations carried on in connection with the 
treatment of ores, it has been found that the chlorides of some of the metals are fairly 
volatile, and in the chloridizing roast such metals as bismuth, lead, arsenic, antimony, 
and silver may partly be removed in the form of fume. The chlorides of some of the 
metals that remain with the calcined concentrates arc soluble in water or dilute acid 
and may be removed by suitable leaching and washing. 

Leaching of the calcined concentrates with whaler or dilute acid usually is done in 
wooden or rubber-lined vats, properly constructed and in some cases fitted with filter 
bottoms. 

The chloridizing roast is carried on in furnaces similar to those used for dead roasts 
ing, the principal difference being that 1 to 5 per cent of salt (NaCl) is mixea with the 
ore or concentrates before they are charged to the chloridiziiig furnace. \ (See the 
chapter on Chlorine in Metallurgy for further information on this subject.) \ 

Oil Flotation. — The separation of metal sulphides from other minerals iW means 
of oil flotation has been perfected and has become a most important and extensively 
used metallurgical operation for the treatment of ores. Flotation is used to great 
advantage in the purification and preparation of some tin ore or concentrates for 
smelting. The sulphides of most of the common metals are floated without difficulty, 
and cassiterite; is practically unaffected, permitting separation of the metal sulphides 
from the tin mineral. 

In this well-known process the finely ground ore is mixed with water and is agitated 
violently. Oil in small amount, sometim<‘s only a fraction of 1 per cent, is added, and 
the agitation is continued until a heavy froth forms and floats on the surface. Minute 
oil bubbles become attached to the small particles of metal sulphides because of the 
surface-whetting property of the oil for sulphide minerals, and in this way the oil 
brings the particles of sulphide minerals to the surface and causes them to float in the 
froth. This action produces a separation of the metal sulphides from the cassiterite 
and gangue, w'hich sink in the water in which the flotation is carried on. 

Different kinds of oil are used for different sulphide minerals, and by judicious 
selection of the oil and certain chemical additions to the flotation water, not onlj'^ 
complete flotation of practically all the sulphide minerals is obtained, but it is also 
possible to produce selective flotation which removes one or more sulphide minerals 
and leaves the other sulphides unfloated. A further change in (K)ridition8 renders 
additional sulphide minerals subject to the flotation action, and they may then be 
removed as separate concentrates. 

Summary of Ore-preparation Methods. — The common rnctals wdiich, in the form 
of sulphides, are often associated with cassiterite and remain as impurities in cassiterite 
concentrates are Pb, BL, 8b, Zn, Cu, and Fe. Arsenic is often present in the form of 
arsenides or arsenates of iron or other metals. Tungsten, when present, is usually 
in the form of tungstate of lime or other bases. 

Mechanical con(;ent ration removes the gangue, but usually does not successfully 
remove the metal sulphides, because the specific gravities of most of the metal-sulphide 
minerals arc not sufficiently different from the specific gravity of cassiterite to make 
mechanical separation possible. 

Roasting will remove most of the sulphur and arsenic in the form of sulphurous 
and arstmious anhydrides, converting the metals with which they were previously 
combined into oxides. The sulphides of iron, copper, bismuth, and zinc arc con- 
verted to oxides by roasting, and sulphide of lead is largcdy converted to sulphate. 
After roasting, the oxides of bismuth, zinc, and copper may be removed by leaching 
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with dilute acid. Tung^n may bo removed by heating with sodium carbonate or 
B^ium sulphate foUow^ by leaching with water. Lead, bismuth, antimony, and 
silver may be removed by a chlondising roaat. Mowed by leaching ^ith acid. Prac- 
tically all the mctal-sulphide minerals may be removed by oil flotation. It wiU 
therefore, be seen that a suitable selection of one or more of the purification methods 
which have been described will enable the metallurgist to remove most of the metal 
impurities contained in the tin concentrates and thus obviate their reduction with the 
tin in the smelting operation. 

Tin is a high-priced metal, and in comparison with some of the other common 
metals, the production of tin is small. No very large tonnage of tin ore or concentrates 
is smelted at any one tin-smelting plant. 

The tin ores or concentrates are usually shipped from the mines in sacks and are 
sampled before going to the storage bins or to the treatment or smelting departments. 
It is the usual practice to sample each lot by taking each tenth sack and reducing the 
sample so obtained by coning and quartering or with a mechanical sampler until a 
sample of suitable size for a.ssay is obtained. 

Because the tin is so valuable, the concentrates must be handled carefully to 
prevent loss of dust in sampling, during the transfer to the storage bins, and while 
charging to the roasting and smelting furnaces. 

Smelting. — The. tin metallurgist is fortunate m receiving the tin in the form of 
oxide instead of in the form of more complex compounds which might introduce 
metallurgical difficulties. 'Fhe rc^duciion of tin from its oxide to its metallic form is not 
difficult, as the reduction takes place readily when tin oxide is heated to fairly high 
temperatures in the prc.sonce of reducing agents, such as carbon. An excessively 
high temperature is not required to bring about the reduction of the tin to the metallic 
form. The temperature required for smelting is largely determined by the composi- 
tion of the slags which an» formed; for the smelting temperature must be such as to 
produce liquid slags that will permit the reduc(»d tin to settle and collect in the bottom 
of the furnace. 

The smelting of tin offers problems similar to those encountered in the smelting of 
ores of other metals, and the general statement might be applied to all reduction 
smelting of this type' that the results are always better if the smelting temperature is 
reached as quickly as possible. 

Two distinctly dilT(*ront smelting methods are followed, and the two methods make 
use of furnaces of entirely different types. In one method the tin concentrates are 
smelted in shaft or blast furnaces, and in the other they are smelted in reverberatory 
furnaces. The older method and the one that was in most general use during the 
early life of the tiii-smclting industry of the world is shaft- or blast-furnace smelting. 

Tieverberatorv smelting of tin ores and concentrates did not come into use until 
well along in the eighteenth century and did not reach full development until the 
middle of the nineteenth century, but it is now the most generally used process, 
particularly in the larger smelting plants. 

In the smelling of tin ores and concentrates, the end desired is to produce as much 
reduced metal as po&siblo and to make slags of such composition that they will be 
liquid at the smelting temperature and permit the reduced tin to settle through them. 
It also is desired to produ<’,e slags as low in tin as possible, as the principal loss in tin 

smelting is in the tin carried away by the slags. 

Tin smelting does not differ materially from the smelting of ores of other meta s, 
except that the redmdion is simpler, and, because of the absence of appreciable 
quantities of sulphur, matte usually is not formed. The smelting of tin would appe^ 
to be a fairly simple process and, as far as the actual smeltmg operation is concerned, 
the process is not complicated. The great difficulty in the smeltmg is introduced 
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by the fact that tin oxide combines readily with silica to form silicates of tin, and 
during the smelting of tin concentrates mixed with flux and fuel, a considerable 
amount of tin invariably combines with silica and goes into the slag in the form of 
readily fusible silicates of tin mixed with the other more or less complex silicates that 
make up the slag. On the other hand, if an extremely basic slag should be used, tin 
will act as an acid, and again enter the slag. 

In smelting ores of lead and copper, it is comparatively easy with the production 
of metal, matte, and slag in the case of lead smelting, or with matte and slag in the 
case of copper smelting, to hold practically all the lead and copper in the metal or 
matte, as the case may be, and prevent it from going into the slag. In tin smelting, 
however, while a large proportion of the tin is reduced and recovered in the form of 
metal, an unduly large amount invariably fluxes with silica and gois into the 
slag. The amount of tin contained in practically all slags from the primary smelting 
of tin concentrates is so extremely high that such slags cannot be. discarded but must 
be re-treated for their tin contents. As it is nc'cessary to resmelt the first^un slags, 
it is important to use only a small amount of fluxing material in the smelting of tin 
concentrates so as to produce a minimum amount of slag. 'y 

The smelting of tin, therefore, embraces three distinct stages: the primary smelting 
of the tin concentrates in a blast furnace or in a reverberatory furnace with the 
proper addition of fluxes and fuel; the re-treatment of the first-run slags to recover 
the tin they contain ; and, finally, the refining of the rcsduced metallic tin to remove the 
metal impurities that are reduced with the tin in the smeltirig process. 

Smelting in the Blast Furnace. — Historical re<*ords seem to show that tin was first 
recovered by smelting cassiterite in small, crude, hand-operated shaft furnaces that 
required some draft. Natural draft probably was used in some of the early furnaces; 
later on forced draft, created by hand-operated blowers, was introduc.(*d. 

Some very crude small furnaces are still in use in the Far Fast, where fairly pure 
cassiterite mixed with charcoal is fed into small shaft furnact'S. No scientific attempt 
is made to produce slags of any particular composition, and the amount of inipurilies 
in the ore which is being treated is so small that fairly high reduction of metallic tin 
is obtained. 

Some of the original shaft furnaces used in the Far East were simply hollow pits 
dug in the ground. I’he blast for such furnaces often was obtained by m(*ans of 
hand bellows. Some of the smalh'r C'hinese shaft furnaces consist fd bamboo forms 
lined with clay. A small Chinese tin-smelting furnace operated with a hand blower, 
such as is still being used in many semicivilized portions of the Far Eiisl, is shown in 
Fig. 5. 

With the introduction of the tin ores from ('ornwall, the metallurgy of tin in 
England received much scientific thought, and a large amount of metallurgical skill 
W'as devot(^d to it. The crude furnaces used in the Far East soon were replaced by 
larger furnaces, and the old familiar blast furnace (knowu as the ‘‘ (k)rni8h tin castle ) 
was developed. This was a shaft furnace constructc*d entirely of stone o** brick and, 
in its best form, was operated with jmsitive blowers of the Roots type. C/harcoal 'was 
largely used for the fuel during the early d(*velopment of tin smelting in England, but 
was later replaced by coke. The shafts of these furnaces were fairly low, and the 
furnaces had comparatively small capacity. 

At the present time some modern steel water- jacketed blast furnaces are in use 
in different parts of the world where tin concentrates are 8melt<‘d m shaft furnaces. 
The blast furnaces have a fairly low shaft and are operated with comparatively low 
blast pressure. With the exception of the low' shaft, the furnaces are of the model u 
lead-smelting type, and metal and slag arc produced according to regular blast' 
furnace smelting practice. 
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Blast furnaces for the smelting of tin concentrates are operated with coke fuel 
and are fluxed with limestone, silica, and other materials to produce easfly fusible 

slaj^similar to the slap made m the smelting of the ores of otL metals 

The chargmg, fluxing and operation of tin blast furnaces correspond appmxi- 
mately to similar operations m the blast-furnace smelting of other metals 

While the formation of tin silicates as part of the slags is an economic difiiculty, it 
does not introduce any metallurgical troubles, as the silicates of tin have low melting 
^mts and do not hinder the satisfactory operation of the furnaces. Slags made in 
bto fmnaces smelting tin concentrates arc usually high in tin and may ofL contain 
10 to 25 per cent tin in ordinary practice. 

A brick-lined settler or forehearth sometimes is used to collect the slag and metallic 
tin as they are tapped from the blast furnace. The slag uaually overflows from the 



Fio. 6. — Small Chinese blast furnace. 

settler into slag pots, which are taken away, and the molten slag is poured into water 
to granulate it, or the slag is removed after it has become solid and is broken up and 
reserved for re-treatment, to recover the tin it contains. 

At intervals the reduced metallic tin is tapped from the bottom of the settler and 
is run into cast-iron molds. The pigs or slabs of tin are removed from the molds and 
are taken to the refinery for further treatment to remove the metallic impurities the 
contains. 

Alexander (4] has proposed a modification of the blast-furnace smelting of tin con- 
centrates in which the concentrates are first s’mtered with 7 to 10 per cent of coal. 
Tile sintering operation is said to remove 70 per cent of the sulphur and to leave the 
sintered material in the form of a cake that may easily be broken. The sintered 
material is fed into a blast furnace with coke and, if desired, some slag that must be 
fesmelted for the tin it contains. The claim is made that, by using this process, 
slags low in tin and reduced metal low in impurities are obtained. 

Smelting in Reverberatorles.—The use of reverberatory furnaces for the smelting 
^>f tin concentrates dates back to the early part of the eighteenth century, when 
reverberatory tin-smelting furnaces were introduced into Cornwall. From that time 
they came more and more into favor, until at the present time most of the modern 
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tin-smelting plants in various parts of the world use reverberatory furnaces, not only 
for the primary smelting of tin concentrates, but also for re-treating the first-run slags 
to remove the tin they contain. 

By the use of reverberatory furnaces instead of blast furnaces it is possible to 
make somewhat cleaner slags in the original smelting of tin concentrates as well as in 
the resmelting of first-run slags, and the metallurgical operations are more readily 
controlled. Because tin is such a valuable metal, it is important to reduce the dust 
losses as much as possible. Reverberatory furnaces are particularly suited to the 
smelting of fine tin ores and concentrates, as the dust losses in reverberatory smelting 
are much less than in blast-furnace smelting. 



Fig. 6. — Reverberatory tin-smelting furnace. 


The reverberatory furnaces generally used for tin smelting are constructed of 
firebrick and vary greatly in size, the largest of them having a hearth about 30 to 40 
ft. long and 12 to 1 5 ft. wide. They usually have the firebox at one end of the furnace 
and the flue at the opposite end. Long-flame bitumin'Ous coal usually is used for fuel, 
although oil is an excellent fuel for reverberatory snu^lting, and very satisfactory 
results^'may be obtained with it where the cost is not prohibitive. 

The larger furnaces will take 8 to 15 tons of charge in each batch. The charge 
consists of tin concentrates with 15 to 20 per cent of anthracite screenings and small 
amounts of sand, limestone, slag, and refinery by-products, l^he charge is well 
mixed before it is fed to the furnace, and the process is a batch operation, a complete 
charge being fed to the furnace, smelted, and the furnace tapped before a second 
charge is put in. The proper temperature for operating tin reverberatory furnaces is 
1200 to 1300*^0. The larger furnaces usually require 10 to 12 hr, for each charge. 
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When smelting tin concentrates, a fairly large amount of tin is allowed to go into 
the slag, because it has been found that such practice tends to produce reduced metal 
containing a minimum amount of impurities and also a minimum amount of hard** 
head. The object is not so much to keep the tin out of the slag as it is to keep the 
impurities out of the reduced tin. 

After a batch is smelted, it is tapped from the furnace through a single taphole, 
and the reduced metal and slag are allowed to run into a large brick-lined settler or 
forehearth. From the settler the slag usually overflows into cast-iron slag pots which 
are mounted on trucks and are drawn away on the slag track as soon as they are filled. 
To remove the slag from the pots the lower ends of bent iron bars sometimes are 
immersed in the slag while it is stiU molten, and after the slag solidifies it is lifted 
from the pots by means of these bars. 

Slag obtained from the first smelting of tin concentrates contains so much tin that 
it must be resmclted, and after the slag cakes are removed from the pots they are 
broken up and crushed to pass about a %-in. ring. The crushed slag is transferred 
to slag-storage bins, where it is kept until required for slag-smelting charge. Rever- 
beratory-furnace slags, obtained from the first-run smelting of tin concentrates, usually 
contain 10 to 25 per cent of tin. 

The molten metallic tin is tapped from the bottom of the settler and is cast into 
pigs or thin flat slabs, weighing about 75 lb. each. The tin usually is cast in the form 
of slabs, as it has been found that the flat slabs are particularly suitable for charging 
to the refining furnace. 

After the furnace has been tapped, the next charge is introduced immediately 
before the furnace has a chance to cool. Successful smelting requires that the charge 
shall be melted as quickly as possible so as to reduce the tin rapidly, which gives a 
high yield of clean tin. The charge is stirred at intervals with iron hoes attached 
to long iron handles which are operated through the side doors of the furnace. The 
stirring should be deep so as to remove any of the unsmclted charge that adheres to 
the bottom of the furnace. As soon as the appearance of the charge indicates that it 
is smelted completely, the charge should be tapped from the furnace. 

Tin-smelting reverberatory furnaces are constructed of firebrick and have a fire- 
brick hearth sloping toward the taphole which usually is placed at about the center 
of one side of the furnace and low enough to drain the furnace completely when the 


wfTof arch construction, and, as in other reverberatory smelting fumwes, 
the roof should be sprung from and supported by heavy continuous 
backs, so that damage to the side walls wiU not endanger the roof, and side- 
reoairs niav' be made without affecting the roof. , . i ^ i 

‘^The fu^aces usually are charged through several charge holes 
intervals down the center of the furnace roof. The charge material ofto is kept n 
small toctl bins located above the charge holes, each bin holding enough material for 


voWl. .t «h. 

uxUvon undor tb. b«t «)ndltk.n. coii.id».ble lib |»»« but rf 

form of fume and dust. Successful smelting operations require the use of dust-collect 

general type as is used for the smdting of tm concentrates. 
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The cost of smelting slag in a blast furnace is probably somewhat less than in a 
reverberatory furnace^ but the second-run slag obtained from a blast furnace usually 
contains more tin than similar slag made in a reverberatory furnace. 

In smelting slag the main object is to reduce to the metallic form the tin that is 
contained in the original first-run slag in the form of tin silicates. Generally speak- 
ing, a higher temperature is required for slag smelting than for the smelting of tin 
concentrates, because it is more difficult to reduce tin to the metallic form from the 
silicates of the slag than from the oxide in the concentrates. 

A fairly large amount of reducing material is required in the smelting of slags, and 
when reverberatory furnaces are used, the reducing material usually is added to the 
charge in the form of anthracite screenings. Some limestone usually is added as a 
fluxing material. Sometimes metallic iron in the form of scrap or other readily 
obtainable material is added to the slag-smelting charge to replace theltin in the 
silicates of the slag and to permit the reduction of the tin to the metallic fom. Lime 
sometimes is depended on to react with the tin silicates to bring about Vhe same 
result. Metallic tin produced in the smelting of slags usually is impure and generally 
contains a large amount of iron in the form of hard-head tin-iron alloy. \ 

The removal of tin from the first-run slag is one of the most, difficult operations 
the tin metallurgist encounters, and successful slag smelting requires great care and 
expert control. Unless the slag-smelting operations are carefully conducted, the 
second-run slags will be high in tin. 

In the best practice, the slag resulting from the slag smelting should not contain 
more than 1 per cent of tin, but second-run slags oftem contain more than 1 per cent 
of tin, and not infrequently slags containing 3 per cent or more arc discarded. 

Generally speaking, the metallic tin produced in tlie smelting of slag and fi^so the 
metallic tin produced in the primary smelting of tin concentrates require some refining 
before they are ready for the market. 

Some of the richer slags from the first smelting of tin concentrates, and also 
by-products from the refinery and from slag smelting, arc returned to the tin-con- 
centrate smelting furnace and are added to an original tin-concentrate smelting charge. 

When reverberatory furnaces are used, 16 to 18 hr. is required for smelting a slag 
charge. Slag smelting in reverberatory furnaces is a batch process, the same as tin- 
concentrate smelting, an entire charge being smelted and tapped from the furnace 
before the next charge is put in. Reduced metal and slag are handled in settlers and 
slag pots in a manner similar to the handling of such materials from a tin-concentrate 
smelt. The slag is removcjd from the pots and is broken up and thrown away, or is 
poured over the dump while still molten. 

Refining. — Most of the reduced tin obtained in the smelting of tin concentrates 
or slag must be refined before it is ready for the market. The tin obtained from the 
first smelting operation contains many metallic impurities that were reduced with the 
tin and arc alloyed with it. The kind and the amount of impurities the tin contains 
depend largely on the metal impurities in the original tin concentrates, and, for that 
reason, the tin obtained from the smelting of some tin ores requires much more 
refining than does the tin from other ores. 

Two methods of refining tin have been used extensively and successfully. In the 
first of these methods the tin is refined by heat-treatment, and in the second by 
electrolytic treatment. 

The heat-treatment method is the one generally used in various parts of the world, 
and, although many modifications have been adopted in different places, tin is refined 
in substantially the same manner in the different localities. 

The refining may consist of one or both of two operations; the first is liquating or 
sweating; and the second, boiling, tossing, or poling. Where both liquating and 
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Sn! ^ t “* •“ “’““*®** ** subjected to the 

^1 mg tr^tment. Liquating is done m a comparatively small sloping-hearth rever- 
beratory furnace budt with the firebox at one end and the flue al the other ^ 
hearth usually slop^ to one side toward a largo door or tapbole, which discharges 
contmuously into either one or two outside cast-iron kettles * 

The object of liquation is to remove from the tin all metallic impurities, alloys, 
and compounds that have melting pomts appreciably higher than the melting point 
of tin, and by this process the tin is separated from the metallic impurities by liquating 
or sweating it at a temperature just slightly above its melting point. 

Ihe bars, pigs, or slabs of tin to be refined are placed on the upper side of the 
liquatmg-furna.ee hearth. The furnace is kept at a temperaturn just slightly above 
the melting point of tin, a slow fire being used for this purpose. Ijong-flame bitumi- 
nous coal is used for fuel, and the temperature is carefully regulated. 










Fig. 7.-— Liquating furnace with refining kettle. 

The bars or slabs of tin are piled on each other with spaces between them, and the 
tin soon begins to molt and run down. The melting is slow, as the success of the 
operation depends on careful regulation of the temperature so as not to melt 
the metallic impurities that are present in the form of alloys and compounds asso- 
ciated with the tin. 

The clean tin runs from the furnace into one of the outside kettles, leaving the 
residue on the hearth. After the metal that melts at a low temperature has been 
sweated out, the dross remaining in the furnace is pushed toward the fire and the 
temperature is raised until all possible metal has been removed. This second sweated 
metal is caught in the other kettle, as it is so impure that it should not be mixed with 
the metal obtained from the first sweat. The second metal is cast into pigs or slabs 
and is re^sweated with the next charge. 

After the second metal has been sweated from the dross, the temperature is again 
raised and the dross is thoroughly rf)asted. The final roasted residue is resmelted 
with an original tin-concentrate charge in the tin-concentrate smelting furnace. 

Many impurities are removed in the liquating furnace, but some of them which 
have comparatively low melting points are sweated out with the first sweat metal. 
Most of the iron is removed in the liquating furnace as it remains with the dross, but 
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a small amount goes into the sweated tin. Most of the lead and bismuth also 
go into the tin. Much of the arsenic, antimony, and copper remain with the dross. 

The first sweat tin that collects in the cast-iron kettle outside the liquating furnace 
usually is boiled or tossed to complete the refining. The kettle holds 6 to 10 tons of 
metal and usually is separately heated by a coal fire underneath it. The metal in the 
kettle is heated to a temperature considerably above its melting point, and the boiling 
operation is carried on by stirring the molten metal with a pole of green wood or by 
immersing in it a bundle of green- wood sticks held together by iron bands. At the 
high temperature of the metal the green wood undergoes destructive distillation, and 
the steam and gases resulting from the distillation of the wood arc given off beneath 




the surface of the metal and produce a strong boiling or bubbling action in the bath 
(cf. Copper Poling, page 253). In this way the different-portions of the metal bath are 
brought to the surface and exposed to the air. Some of the metal impurities and part 
of the tin are oxidized, and the oxide drosses collect on the surface and are skimmed off 
from time to time. These drosses are resweated or are smelted with an original tin- 
concentrate smelting charge in the same way as the residues from the liquating fur- 
nace. In some of the more modern refineries, the boiling is done by agitating the 
molten metal with compressed air instead of green-wood sticks. 

The boiling operation is carried on until the desired grade of refined metal is 
obtained. If the tin contains fairly large amounts of impurities, the boiling sometimes 
is continued for many hours. The metal must not be heated to an excessively high 
temperature, as boiling at a high temperature causes a large amount of the tin to 
become oxidized. 
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Tossing consists in filling hand ladles with the molten tin and pouring the molten 
metal back into the kettle, thus exposing it to the oxidizing action of the air. Tossing 
produces oxidized drosses similar to the drosses that form in the boiling operation. 
Boiling is the method usually used ; both tossing and boiling are hardly ever employed 
at the same refinery. 

Iron is removed almost completely by the boiling operation, and other impurities, 
principally arsenic and antimony, are greatly reduced in amount. 

After the refining has been completed and the dross has been skimmed from the 
kettle, the surface of the metal will have a clean bright appearance, and the tin is then 
removed, usually by hand ladles, and is cast into pigs ready for the market. Great 
care is exercised in casting the pigs so as to give a fine appearance to the metal. Tin 
tends to oxidize on the surface while in the molten condition, and for that reason the 
metal is poured at a temperature just slightly above its melting point. The metal is 
poured into cast-iron molds, which are filled quickly and are skimmed lightly on the 
surface with a wooden paddle just before the metal solidifies. 

Electrolytic Refining of Tin. — This process has been used successfully at one 
refinery in the United States, but, because of economic conditions previously dis- 
cussed in this book, tin smelting and refining in the United States were abandoned in 
1923, and since the closing of this American electrolytic-tin refinery, the electrolytic- 
refining process no longer has been used to any extent for the treatment of tin from 

primary ores. ... . , 

As in the electrolytic refining of other metals, many impurities originally contained 
in the tin are removed by this process, and very pure tin is produced. Because of 
the possibility of removing the metallic impurities from the tin, it is not so essential, 
when electroiytic refining is to follow the smelting operation, to remove the other 
metal minerals from the tin concentrates before smelting. The refining is earned 
on in the usual way in electrolytic cells, tin being deposited on the cathode and minor 
amounts of other metals being recovered in the form of anode slime by-products. 
The patents state that, as originally developed, the electrolytic tm-retimng proce^ 
made use of an electrolyte of hydrofluosilicic acid containing sufficient sulphuric acid 
to combine with th(^ lead present U) form lead sulphate. In the later modification of 
the electrolvtic-retbiing proees.s, the electrolyte consisted of hydrofluosilicic ^ud 
containing some sulphuric acid, a small amount of cresyhc acid, 
hydrofluosilicic acid used was of about 15 per cent strength and had about 4 per cent 

of tin dissolved in it. , . 4 

Vailir,] states that, at the American refinery where this process 
refininR was done in 68 tanks similar in sise and construction to those 
refining. The tanks were of wooden construction and 
material. Hard-rubber fittings were i«ed for the pipe Imes 
lyte. Each tank contained about 11,000 lb. of tin anodes, and the 
sheets were of tin H in. thick. The current density f ^ 

and the deposition per ampere-hour was about doubte that j 

states that, before being cast into anodes, the tin obtained 
concentrates was first subjected to refmmg by liquating and bo g. g 
description of the process is given in the patent use for 

Methods of A««y and An«ly 8 is.-There are mrthods m ^ 

determining the amount of tin in ores and other products, the fire assay and 

volumetric wet analysis. . . • f„ii„w,ncr manner- Grind slightly 

The fire assay for tin usuaUy is conducted m the at 

more than 5 g. of the sample untU it wiU P“« Add 

100 °c. and cool; weigh out ^ a low heat until the volume is 

100 cc. hydrochloric acid (concentrated), and digest at a low neav u 
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reduced to about 15 cc. Add 50 cc. nitric acid (concentrated), and continue the 
evaporation to a volume of 10 to 15 cc. Add about 200 cc. of water, boil, and allow 
to stand. Filter on double filter papers containing paper pulp, washing with warm 
water just acid with nitric acid. If tungsten is present, treat with ammonia (con- 
centrated) and again filter and wash with water. Transfer the precipitate to a 
porcelain crucible and ignite. Brush the contents of the crucible onto a clean sheet 
of glazed paper, break up lumps with a spatula, mix thoroughly with 20 g. of sodium 
cyanide (free from chlorides), and transfer to a 20-g. clay crucible in which has been 
placed 4 or 5 g. of sodium cyanide. CWer with sodium cyanide, fuse in a muffle 
furnace at a red heat for 20 to 25 min., cool wash with w^ater, break the crucible to 
obtain the button, clean the button, and soak in hot w ater to remove adhering cyanide. 
Dry and weigh. Run in duplicate. Ihiplicates should agree wdthin 0.15 [per cent. 

The volumetric determination of tin is very useful and is applicable to nearly all 
kinds of ores, metallurgical products, and other materials containing tin. yV number 
of volumetric methods have been propos(‘d, the best of wdiich depends on the titration 
of stannous chloride with standard iodine in cold hydrochloric acid solution^ This is 
called the. Pearco-Low mcthod[7], and is one of the simplest, shortest, a)rid most 
accurate for the volumetric estimation of tin. It depends on the oxidation of stannous 
to stannic chloride by iodine in cold h 3 'drochloric acid solution according to th^ 
equation 

SnCla 4- 2UCU + I 2 = SnCU -f 2H/ 

Starch solution is used as indicator. A small amount of sulphuric acid is not 
objectionable, but nitric acid and nitrates mu.st not be present. 

The method requires that the tin shall be brought uito solution in hydrochloric 
acid. When possible, the finel}" ground samph‘ is dissolved direc^tly in h.ydrocldoric 
acid; in some cases the addition of a small (juantity of potassium chlorate, antimony 
chloride, or platinic chloride, or the presence of a piece of platinum foil, accelerates 
solution. In the analysis of materiuls containing sulphides or curtain alloys, a mixture 
of hj'drochloric and nitric acids ma^' be used, follow ed by treatment with sulphuric acid 
and then W'ith h^^drochloric acid. Siliceous products fn^quentl^'^ respond to treatment 
with hydrofluoric acid. 

For the decomposition of insoluble silicates, fusion with alkali carbonates is 
effective. Practically all silicates are decompcised by this process, but it is not suit- 
able for use with samples containing insoluble tin oxide, and if sulphides or salts of 
tin soluble in acids are pre.sent they .should be removed before the fusion process is 
applied. The addition of 10 per cent of borax to the alkali carbonate accelerates the 
decomposition in some instances. 

Acid-insoluble residues may be decomposed by fusion with sodium or potassium 
hydroxide, the melt being subsequently dissolved in hydrochloric acid. This method 
is perhaps the most useful of the fusion processes, since it is applicable to almost all 
products and generally requires only a very simple preliminary acid treatment. An 
iron crucible is the most suitable for use with this proce.ss. 

Sodium peroxide also may be used for the fusion process, but it corrodes the 
crucibles very rapidly, and generally its disadvantages more than offset the extra 
speed gained b^' its use. Th^ addition of organic matter to the peroxide, to furnish 
the necessary heat for the reaction, has been suggested as a means of preventing the 
corrosion. Quieter fusion results if zinc sulphide, iron sulphide, or potassium per- 
sulphate is added to the peroxide. 

In the final hydrochloric acid solution, the tin usually will be found in the stannic 
condition and must be reduced to the stannous condition before titration. This 
reduction usually is accomplished in one of four ways: by the use of iron in the form of 
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rods^ nickel or aluminum in the form of sheets or strips, or 
Only pure soft iron may be used. If carbon is present ir 
cause high results. 

The UM of aluminum renders this part of the method somewhat uncertmn and 
makes it difficult to control the operation. The principal objection to the use of 
antimony is that the presence of so much finely powdered material in the solution 
obscures the end point. The only objection to nickel is the light-green color given 
the solution, but this does not affect the sensitiveness of the end point it the concen- 
tration of nickel salts is only tha,t derived from the metal used for the reduction. 

The reduction and the titration are best performed in an atmosphere of carbon 
dioxide and in a solution containing not less than 25 per cent nor more than 40 per 
cent by volume of free concentrated hydrochloric acid. The temperature of the 
solution to be titrated should not exceed 22X), 

One-half to 2 g. of the sample (depending on the percentage of tin) is first brought 
into hydrochloric acid solution. The solution is transferred to a 12-oz. wide-mouthed 
conical flask, enough con(;ent rated hydrochloric acid is added to make a total of 60 
cc. of free concentrated hydrochloric acid present, and the solution is diluted to 200 cc. 
with water. A nickel coil is prepared by rolling 6 sq. in. of heavy sheet nickel (4 in. 
long and in. w'ide) into a loose roll of such size that it may easily be inserted into 
the flask. A narrow strip of nickel is loft attached to one side of the coil, long enough 
to reach above the top of tlie flask. This coil is placed in th(^ flask containing the tin 
solution, the nickel strip is bent over the edge, and the flask is covered with a small 
watch glass. The solution Is heated to boiling, and gentle ebullition is maintained for 
30 min. aftc'r all the iron which is present is reduced. The reduction of the iron is 
indicated by the yellow color of the solution ch.anging to a pale green. Thirty minutes 
is more time than is necessary for the coinphite reduction of the stannic chloride from 
0.5 g. of tin oxide, and if complete reduction does not result in that length of time 
either the nickel i.s too small or the nickel is inactive, due to impurities, and should be 
discarded and repla(‘ed by pure nickel. 

It has l)(*en stat<‘d, as an objection to this method, that it is impossible to tell when 
the reduction of the tin is complete and that the operator may titrate the solution 
before the tin is all in the lower form. It has been found that larger amounts of tin 
than would over be taken as a sample are entirely reduced long before the expiration 
of the time allowed for the reduction, and no trouble need be anticipated from this 


finely powdered antimony. 
L the iron, it generally will 


cause. 

The solution in the flask is cooled in an atmosphere of carbon dioxide generated 
by adding two ' t'ubes of crystalline marble to the solution. The nickel coil is 
then removed and is washed with cold hydrochloric acid solution (1 part of concen- 
trated acid to 3 parts of water) as it is withdrawn from the flask. A small amount of 
starch solution is then added and the solution titrated at once with standard 
iodine. 

The standard iodine solution most convenient for this titration is prepared by 
dissolving 10.7 g. of iodine in 50 cc. of water containing 20 g. of potassium iodide in 
solution and making up to 1 1. with water. When a } sample is taken for analysis, 
1 cc. of this solution will equal 1 per cent of tin. It may be standardized against tin 
or arsenious oxide. 

Few of tiuj elements that are ordinarily found in materials to be analyzed for tin 
interfere wdth this method. Ni, (^o, Mn, Mo, U, Cr, Al, Zn, Pb, Ca, Mg, sulphates, 
f)hosphate8, bromides, iodides, and fluorides have no effect unless present in such 
large amount that their color masks that of the indicator. Arsenious and antimoni^ 
ous compounds in weak acid solution consume iodine, but in a hydrochloric acid 
-solution of the strength used in this method they have no effect. 
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If about 0.1 g. or more of antimony is present in the solution, the nickel coil will 
precipitate metallic antimony in a very slimy condition which does not settle and 
obscures the end point. This may be prevented by using a solution containing more 
hydrochloric acid. If, therefore, the sample taken contains 0. 1 g. or more of antimony, 
the solution is made up to contain 75 cc. of free concentrated hydrochloric acid instead 
of 50 in 200 cc. of volume, before reduction. If this is done, the precipitation of 
slimy antimony will be prevented and no trouble will be experienced. If the antimony 
content is not known and the slimy antimony begins to precipitate during the reduc- 
tion, an additional 25 cc. of concentrated hydrochloric acid may be added, which 
generally will cause the antimony to dissolve and prevent further precipitation. If 
the precipitated antimony does not dissolve, another sample can be treated, adding 
more hydrochloric acid before reduction. 

Copper in small amounts has no effect on the method, but if 0.05 g. 6r more is 
present in the solution it will be precipitated incompletely during the redu^ion, the 
titration will consume more iodine than is required by the tin, cuprous iodide will be 
precipitated, and the results will be erratic and high. \ 

If copper is present in the sample in large enough amo\int to interfere, it m^st first 
be removed by treatment with nitric acid. 

Bismuth is precipitated in the metallic form during the reduction with nickel. 
In this form it is said to consume iodine slowly, but the action is slight, and unless 
present in large amount, its effect is negligible. If it is desired to rcunove it, the 
metallic precipitate may be filtered and the filtrate again reduc(‘d and finished as usual. 

Tungsten is reduced by the nickel coil to a lower state of oxidaf ion, with the forma- 
tion of a blue precipitate, said to be W 2 O 6 . This is said to be oxidized slowly by 
iodine, thus giving high results, but the oxidation is not proportional to the amount 
of tungsten present. Tungsten in amounts usually met with do(‘s not interfere to 
any extent, and its effect is noticeable only when it is present in large quantity. In 
case it should be desirable to separate the tungsten, the blue oxide may be filtered off 
with the precipitated bismuth, the solution afterwards being again reduced and 
titrated. 

Titanic chloride is reduced to titanous chloride by the nickel coil. In the Pearce- 
Low method titanium alone or with iron is said to consume no iodine, but in the 
presence of tin large amounts of titanium will consume iodine, giving high results. 
The error caused by titanium seems to be approximately a constant one and is inde- 
pendent of the amount of titanium present. Titanium may best be removed by 
converting the tin to insoluble oxide by evaporation w ith nitric acid and then fusing 
for 5 min. with potassium bisulphate. The melt is dissolved in water and sulphuric 
acid and filtered. 

If titanium and tungsten are both present, the tungsten will remain wdth the tin 
after filtering the extracJted melt of the bisulphate fusion. The tungsten may be 
removed from the residue by heating wdth ammonium carbonate solution, in wdiich the 
tin is insoluble. 

Bismuth, tungsten, or titanium, in any reasonable amount, such as is usually 
met with, do not interfere with the method, and they may, in general, be neglected, 
especially if the titration is performed rapidly, which, to a large extent, will eliminate 
secondary reactions. The interference of all these rnctals is greatly increased by very 
slow and careful titration, which seems to accelerate their action and give them time 
seriously to affect the results. This is especially true of titanium, for bismuth and 
tungsten are not so active and, as a rule, need not be considered. 

Ferrous chloride is oxidized only by excess of iodine, and no action takes place 
unless a very large amount of iodine is run in and allowed to stand. Its action is very 
slow even then, and the presence of iron does not affect the accuracy of this method. 



A tin determination may be run through and results obtained by this method in 
about 1)^ hr., and the method is accurate to about 0.1 per cent. 
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CHAPTER XXV 


MINOR AND RARE METALS 

By Donald M. Liddell 

Be (4), Ct (72), Ce (58), Ch (41), Dy ( 66 ), Er ( 68 ), Eu (63), Gd (64), ((la (31), Ge 
(32), Hf (72), Ho (67), In (49), La (57), Lii (71), Ma (43), Mo (42), Nd (60), Pr (59), 
Rb (37), Re (75), Sm (62), Sc (21), Se (34), Ta (73), To (52), Tb (65), 11 (81), Th 
(90), Tm (69), Ti ( 22 ), Yb (70), Y (39), Zr (40). (The figures in parenthfwes are the 
atomic numbers. The true rare-earth metals have tlu^ 15 atomic numbers Ifom 57 to 
71. In these elements, the four-quantum shell expands from 18 to 3i without 
change in the outer shells 5 and 6 . The fact that there is only this slight progressive 
difference in molecular structure is W'hat makes their properties so similar and their 
separation so difficult.) 

General Considerations.— The final separation of the rare earths usually depends 
on repeated fractional crystallizations or precipitations and leacliings. 4'he separa- 
tions are not clear cut, and the spectrosc.ope is the final nu^thod of test for purity. 
The work with the rare metals and earths therefore requires an iinimuise amount of 
time and patience. 

One general separation of the entire group depends on the fact that when iartaru' 
acid, ammonia, and ammonium sulphide are added to the filtrate from the group 
Fe, Zn, Co, Cr, Ni, V, Al, and Mn will be precipitated (the last two not quite com- 
pletely) and in the solution will remain W, Ti, Zr, Th, Be, (’a. Mg, Ma, K, Li, traces 
of Al, and Mn, and the rare earths.^ 

From this solution, precipitation with oxalates in acid solution, re-solution, and 
reprecipitation will give only the rare earths in the final residue. 

Hopkins gives the following gen<*ral proc^edure:'"’ The ore is ground to a fine powd(*r 
and extracted wdth acid or fus<jd. The acid is Uvsually H(1 or H 28 O 4 , although HF is 
sometimes employed. The fusion nuxlure may be HKS() 4 , MaOH, or HKF 2 . The 
use of the fluorides is usually limited to minerals containing eoluinbium and tan- 
talum, since the fluorides of these compounds are soluble and heiu^e can be separated 
from the insoluble fluorides of the rare earths, which can then be decomposed with 
H2SO4. 

The solution is sat urated with hydrogem sulphide to tlirow out the copper-tin group 
and the rare earths then thrown down with oxalic acid. Both solutioiivS should be 
boiling and the oxalic acid added slowly. 

Thorium and zirconium can be rfunoved by boiling the crude oxalates with amm(‘- 
nium oxalate, which dissolves all the zirconium and most of the thorium. Thorium 
may be completely removed by r(‘p(^ated treatments w ith ammonium oxalate, or by 
precipitation from a neutral or slightly acid solution with H 2 O 2 . 

Coluinbium and tantalum, if present, are also removed by this means. 

The rare-earth oxalates remaining after extraction of the C'b, Ta, Zr, and Th ar*' 
then separated into the cerium-group earths and the yttrium-group earths. Janu^^ 
method is as follows; Mix the dried oxalates with enough sulphuric acid to form n 
thick paste, then ignite cautiously. Dissolve the anhydrous sulphates in ice water an*i 

» Jour, Ckem, 80 c., Vol. 119, 1027. 

* Chemistry of the Rarer Elemente,” p. 98. 
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sift in solid sodium sulphate. The order of precipitation is, approximately, Sc, Ia, 
Ce, Pr, Nd, Sm (the cerium group, sulphates difficulty soluble); Eu, Gd, Tb (terbium 
group, sulphates slightly soluble); Yt, Dy, Ho, Er, Tm, Yb, Lu (yttrium group, double 
sulphates very soluble). Tlie separation is not exact, and the yttrium group will 
begin to come down before all the cerium group is precipitated. Consequently, to 
obtain the cerium group free from the yttrium group, much of the former must be left 
in solution. To obtain the yttrium group free from cerium, enough alkali sulphate 
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hrbium,dy$prosium, holmium, yttrium,erbium,ihutium, ytterbium and lutecium, 

Fio. 1. — Flow sheet of precipitating rare earths. 


must be added to pre(‘ipitato a considerable amount of the yttrium group. If the 
purification of any members of the yttrium group is purposed, it is best to add alkali 
sulphate until the neodviniuni absorption lines can no longer bo seen. 

Cerium itself may be removed by the treatment of a neutral solution with potas- 
sium bromate and a few small pieces of limestone. The cerous salts are oxidized to 

ceric and come down as a basic precipitate. ... i j u 

The corium-earth double sulphates can be. reduced by fusion with charcoal and wiU 

then go into solution with hydrochloric acid. ii 

Cerium can also be removed by the Janies bromate method. In 
pieces! of lime are added to the nitrate solution, to keep it neutral, and then K 3 
is added and the solution boiled. The cerium is oxidized to the quadrivalent condition 

and precipitates as a basic salt. , i. f xr++r;iim 

If the crude oxalates from the mineral contain Ic^ than 20 per cent of ‘he y«ri^ 
group, it is well to begin fractional crystallization of the nitrates at once. W hen the 

* Jamdb and Pratt, Jour. Am. Chem, Soc., Vol. 33, p. 1326. 
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yttrium elements in the soluble end of the series become abundant enough to interfere 
with the crystallization of the cerium group, then the cerium group should be sepa- 
rated with sodium sulphate. 

Except for these few general methods, the separations are long-continued fractional 
crystallizations or precipitations. Urbain and Welsbach sometimes made thousands 
of crystallizations in the effort to differentiate two of these rare earths. The process 
of fractional crystallization is very well described by Dr. Doerner under Radium (see 
page 645). A table of comparative solubilities appears below, and James and Pratt’s 
scheme appears on page 681.^ 

In the more soluble end of the crystallizations it may be necessary at some time to 
throw down the rare earths as oxalates to get rid of accumulated iron and alumina. 

Comparative Soutbilitib:s 1 

(Tlie solubility increases from top to bottom.) \ 



^ Solubility about twice the Srn salt. 

* The double dimethyl phosphates are much less soluble at 80 or 90®C, than at 15 to 20X\ 

The preparation of the double magnesium nitrate^ which are very useful in frac- 
tional crystallizations, is carried on as follows: The rare-earth oxides are dissolved in 
nitric acid, having a slight excess of the oxides present, and then the solution is rodu(*cd 
(chiefly ceric to cerous salts) by means of a little of the original oxalates from which 
the oxides were derived, A quantity of nitric acid equal to that in which the oxides 
were dissolved is then neutralized with chemically pure magnesium oxide, and bi*’ 
rare-earth and the magnesium solutions are then filtered and added together. 

Basic nitrates can he made in two ways. The first method consists in convert 
oxalates into oxides, thence t/O nitrates, recovering the nitrate as a solid salt, and funmi^ 
until decomposition sets in. In dissolving the reaultant mass with water the solubiiif/ 
runs: Yt, Eu, Gd, Ba, Tb, Ho, the holmium salts being least soluble* 

* Reprinted from Jtmr, Am, CAm. See., 1916, p, 43. 
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The second method consists in adding hot caustic soda little by little to a boiling 
solution of the nitrates. 

In general, crystallization should be carried on by two methods used alternately, 
one of which tends to concentrate the impurities in the crystals and the other in the 
mother liquors. 

Aldebaraniuxn, cassiopeium, denebium, dubhium, and neothulium were the 
names given to elements that Auer von Welsbach separated from erbium, which 
he regarded as of complex nature, and from thulium. Later investigators have 
not confirmed his findings. ^ 

BeryUium.— For the extraction of beryllium from beryl, H. Copaux suggests 
the following:® Heat the mineral with two parts of Na^SiFft, forming NasAlFe and 
Na2BeF4. Crushing followed by lixiviation removes most of the Be with a little AL 
BeO, AI2O3, and S 1 O 2 are then thrown down with boiling NaOH, dissolved in H2SO4, 
and pure BeS 04 . 4 H 20 crystallized out. Cb and Ta interfere and must be removed 
as oxalates. (See page 67 also.) 

The separation of beryllium from the other iron-group metals can also be carried 
out by fusing with sodium carbonate. ALOg and CraOj form soluble compounds that 
can be leached out. Fe 203 , Ti02, Zr02, and BeO stay behind. A fusion with HKSO4 
then separates the iron and beryllium. While recommended for large-scale use it 
seems a laboratory method. 

The preparation of beryllium from gadolinite is thus described by James.* The 
finely powd<*red mineral is treated with hot H2SO4 to dense fumes. The solution is 
allowed to settle, is decanted, and hot oxalic acid solution added. After filtering off 
the rar<‘-earth oxalat(*s, KBrOa is added to oxidize the oxalic acid, and iron and beryl- 
lium precipitated together by adding a little ammonia, then sodium hydroxide, until 
the odor of ammonia is noticed. Filter. Enough hydrochloric or sulphuric acid is 
then added to dissolve about two-thirds of the precipitate, and sodium hydrate slowly 
added until the iron is almost down (as shown by testing a clear portion of the solution) 
and tlie solut ion filtered. I^he remainder of the iron is then treated with hypobromite 
solution at boiling, and precipitated with sodium hydroxide until ammonia gives a 
white hydroxide precipitate with it. The last trace of iron is then thrown out with 
sodium-hydrogen sulphide and filtered off. (These last two residues contain beryl- 
lium and are worked up with the next lots of mineral.) The beryllium is then 
thrown down as basic carbonate by adding a concentrated solution of sodium car- 
bonate to the solution. The hydrogen sulphide must be boiled out before this 
precipitation. 

Beryllium has been obtained as metal by reduction of the chloride by sodium and 
potassium, in an atmosphere of hydrogen. Another process is to heat beryllium 
potassium fluoride with sodium. It has been obtained in lustrous hexagonal crystals 
by electrolyzing the double fluoride of beryllium and sodium or potassium with an 
<5xcc8s of beryllium fluoride. A more recent process electrolyzes a fused bath of 
sodium and beryllium fluorides with an output of compact metallic beryllium. The 
metal is 99.6 i>er cent pure. 

It has a silvery luster and when cold flattens easily under the hammer. The 
fr^pecific gravity is 1.79 and the melting point 1385°C. The metal is insoluble in cold 
concentrated nitric acid. Its specific heat is 0.4070. 

About 0.5 per cent of beryllium is added to the thorium-cerium solution used in 
uicandescent gas mantles to give body to the mantle. 

Cassiopeium. — See Aldebaranium. 

» Sitxb. Akad. Wiw. (Vlenaa), VoJ. 2, a, p. 124; Jour, Ohom, Soe„ Vol 110 (II), p. 277. 

* Cfiim, Ind„ Vol 2, p. 914. 1919. 

* Jour. Am, Chom, Soe,, Vol. S8, p. 875. 
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Celtium (Ct). — Reported by G. Urbain in 1911 as allied to lutecium and scandium. 
In properties it lies between them. Now known as hafnium 

Cerium. — Except for the pyrophoric alloys and cerium steels (these showing 
no great advantage over cheaper alloys), this metal has no metallurgical applications. 
There is a steady economic pressure from thousands of tons of accumulated residues 
in the gas-mantle industry, but no absorption into the arts. While this is due to its 
price, this could not be permanently lowered because of a true scarcity of cerium in 
the earth’s crust, and any considerable use would immediately reduce supplies to the 
vanishing point. 

Lanthanum, praseodymium, neodymium, and samarium are the related elements. 

Metallic cerium cannot be obtained by electrolysis of the fused salts, except in 
finely divided condition. Escard^ recommends electrolyzing a mixturi of 3 parts 
BaCL, 3 parts GaFa, 8 parts C-aC'L, and 10 parts CeC/L, heating the mixture in an 
electric furnace and using an iron crucible as cathode. CeCL is added as ihc reaction 
proceeds. At 200 amp. and 15 volts he says a product results containing 98 per cent 
cerium, 1 per cent iron, and traces of oxide and carbides I'he metal can oe purified 
by amalgamation and distillation of the mercury. It has a density of (>y78 and a 
melting point of 775°C. It is only slowly affected by cold wai.c‘r, but rapidly by hot 
water, with the evolution of hydrogen. It burns when lu'ated to 160*^0. The pyro- 
phoric alloys cerium-magnesium and cerium-aluminum can he obtained by simul- 
taiif^ous electrolysis of the mixed salts. Orium-iron may be obtained in the absence 
of air by heating the elements in an (*lectri(^ furnaci‘ in a graphite criunblc at red heat 
— cerium 70 per cent, iron 30 per cemt, is the common alloy. 

Metallic cerium cannot be obtained by reduction of the oxide by carbon, as a 
carbide forms, even in the presence of an excess of the oxide, in which case ( ’eC2.2( -eO-i 
is formed. Formation of the carbide may be prevented by adding CuO, copper- 
cerium alloys being fornu‘d. 

The initial separation of the metal from n\onazite sand is by dissi^lving the sand 
in sulphuric acid and adding HXaS04 to throw down double sulphates of cerium- 
group metals and sodium. * It can also be s(*parated as a phosphate as follows: 
Monazite sand is treated with concentrated sulphuric acid and carried to fumes. 
The soluble salts are then extracted with cold water. If the extract carri(\s less than 
5.8 per cent of the sulphuric acid should be brought up to 12 per cent. If 

the cerium sulphate runs between 5.8 and 11.5 per cent, the free sulphuric acid should 
be brought up to 20 per cent; if there is over 11? 2 per cent of ('02(804)3, the free 
sulphuric acid should be brought up to 25 per cent. The solution is then oxidized for 
8 hr., using a platinum gauze or a peroxidized lead anode and a platinum cathode. 
The cathode current should be 1.2 amp. per sq. dm. ; the anode current density should 
be 1 amp, per sq. dm. By diluting to 10 per cent sulphuric acid in the presence of 
phosphoric acid, about 99 per cent of the cerium is precipitated. 

Metallic cerium can be precipitated by the electnilysis of a fused mixture of 22 
per cent sodium chloride, 15 per cent potassium chloride, an^l 63 per cent cerous 
chloride. 

In the formation of cerium carbide in the electric furnace the process seems to be 
a three-stage affair; 

2Ce02 + C « CeaOa + CO 
C2O3 -f 9C - 2Ce(^8 + 3(^0 

and the CeC® then breaks dowm into CeCj and graphite, so that it seems impossible to 
prepare OC* without graphite.® 

» ifid. chim . Vol. 5, p. 182. 

* V. S. patent 1279257, W. S. Chum. 

» PaMiSNs, A., Ann. ehim., Vol. 10, p. 330. 
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Sebacic acid in boiling aqueous solution precipitates thorium quantitatively, but 
not cerium or lanthanum. By the addition of bromine water in excess to a suspension 
of the cerium earths in alkaline solution, followed by heating at 100°C. until the excess 
bromine is expelled, and then filtering, the filtrate will be freed from cerium and will 
contain lanthanum and didymium. 

Waste material from the gas-mantle industry can be used for the preparation of 
metallic cerium.^ The oxides are dissolved in H(^l, using an excess of oxide^s. Sodium 
and phosphonis compounds are removed with barium chloride and iron, manganese, 
and chromium by ceric oxide. The solution is then evaporated. The formation of 
oxychlorides is prevented either by an atmosphere of IKU gas, or by 30 per cent by 
weight of a mixture of KC-1 and NH 4 C'l, or NaCl and NH 4 CI is added before evapora- 
tion. After evaporation, fusion is effected in cast-iron pots high in carbon and silicon, 
and the fused salt boiled for 20 min. The mixture is then transferred to the elec- 
trolytic cell and electrolyzed at 8oO°C., with an anode current density of 6 to 7 amp. 
per sq. in. for graphite and 5.5 amp. for carbon. About 7 to 12 volts pressure is used. 
If the electrolyte was prepared by the second method, the temperature may bo raised 
to 950^. After the twenty-fourth hour, heat and stir every half hour to agglomerate 
the cerium, shutting down at the end of about 27 hr. If the electrolyte was prepared 
by the second method, the process may run 60 hr. The pot that served for the elec- 
trolysis is broken up, as it iwS t(»o miub attacked to use again. There arc small quan- 
tities of lanthanum, dysprosium, erbium, and thorium in the cerium thus produced. 

Misch metal can be prepar(‘d from the gas-mantle residues without purification. 
ThivS will ordinarily run 50 to 60 per cent Ce; 25 per cent La; 15 per cent Dy, Sa, etc.; 
and 1 to 2 per cent Fe.2 

About 0.3 to 2.0 per cent C>Oi is recommended in the Th02 for gas mantles. 

Crude cerium oxalate gives up its iron impurities upon treatment with dilute 
hydrochloric mud. It can then be eonverb^d to hydrate by boiling with KOH or to 
oxide by calcination. Pure C(‘02 appears to be of a light chamois color. 

Columbium. — The element, in the form of oxide, is almost invariably associated 
with tantalum ores, its separation from tantalum being described under the discussion 
of that metal. The columbium remains in solution as potassium fluoxycoluinbate 


(2KF.NhOF3). . . ^ V u 

Columbium can be separated from zirconium by fusion with sodium carbonate 

and leaching with hot water, ('olumbium dissolves completely, tantalum largely, 

Metallic columbium can be prepared by electrolysis of the molten fluocolumbate, 

prepared as given under Tantalum (?.»■). . , 

The alloys of columbium arc said to be highly ac d-resistant, two ^ particukr 
being noted; Zr, 6.8; Cb, 53.5; and Ta, 39.7 per cent (Canadian patent 214118), and 
Ni, 75; Fe, 11; and Ta and Cb, 14 per cent.’ 

Denebium. — See Aldebaranium. 

Dubhium. — See Aldebaranium. j n • 

Dy8pro«ium.-Thi8 metal was discovered in 1^6 by f 

who named it for the Greek “difficult to approach, vd™ohlort^i the 

in isolating it. The mineral or residue is decomposed ^‘^^d ^^6 ton and 
rare earths precipitated as oxalates, and tlie precipitate washed to remove non and 


^ ^ or pyrophoric .Uoyc wiU be tound in a... VC. 45. p. 

A relerence for the anCyticC 

A/rica. VC. 16, p. 189. A brief outline will be md m JoHNexas^e ^ 

Appletoa. For » general diacuasion of oolumbi , » » 

1 189, October, 1985. 
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beryllium. Usually the earths are reprecipitated to remove silicon and iron further. 
If the cerium group is present, it is best removed by the double-sulphate method. In 
this, the oxalates arc converted to sulphates by moistening with sulphuric acid and 
ignition to 400®C.; the resulting sulphates dissolved and solid sodium or potassium 
sulphate added to the solution to saturation (see page 680), most of the cerium group 
being thrown down in such a solution. The earths in solution should then again be 
precipitated as oxalates to get rid of the alkali salts. Specific gravity is 8.44. 

As the yttrium group are again in solution as sulphates, the metals are converted 
to bromates by double decomposition with barium bromate. The bromates are then 
recrystallized fractionally. 

Least Mosjr 

Soluble Middle Soluble 

Sm, Nd, Pr Dy, Ho Er, Yt, Tm 

The recrystallization of these salts as double ethyl-sulphates is also practiced, the 
oxides being converted into the double salts by prolonged agitation \with ethyl 
sulphuric acid. In this case absolute alcoliol is used as the solvcuit and the\ fractiona- 
tion takes place at 9°C^, the resolution of the crystallized portions being performed at 
30 to 40°C. In order of increasing solubilities: Gd, Th, ISM, Pr, IIo, ])y, Y, Er, Yb. 
The first three are readily removed from dysprosium, but holmium is not. 

Xenthotime and gadolinite are the main sources of dysprosium.* The closely 
related elements are erbium, holmium, and thulium. 

Erbium. — This metal is derived mainly from gadolinite. The generally followed 
method of extraction is that given on page 683. The main difficulty is in its separa- 
tion from europium and gadolinium. Wichers, Hopkins, and Halke^ say that frac- 
tional precipitation of the cobalticyanides or with sodium nitrite gives good results, 
but that the classic nitrate fusion (fractional decomposition) is best. Willard and 
James recommend the sodium nitrite method for work on a large scale. See also 
under Dysprosium. 

Eiiropium. — This metal is obtained from monazite sand residues. It was iden- 
tified in 1901 by Demaryay, who found he was working with a nitrate inor(‘ soluble 
than gadolinium and less soluble than samarium. Its salts are a pale rose color. 
Specific gravity is 5.30. 

The eventual separation is best performed by fractional crystallization of the 
double-magnesium nitrates, using 30 per cent HNO?, as the solvent (see page 682 for 
solubilities). The separation of samarium from europium is finally ac^coniplished by 
adding some bismuth-magnesium nitrate to the solution. The bismuth-magnesium 
nitrate has a solubility lying between samarium and europium. The bismuth with 
which each fraction is contaminated is finally thrown out by hydrogen sulphide. 

Europium and ytterbium are said to be unique among the rare earths in giving 
amalgams if solutions of the acetates in tertiary potassium citrate are stirred with 
potassium amalgam. (Jour. Am. Chem. Soc.^ Vol. 63, p. 3432.) I'he electrolysis of 
the above solutions when electrolyzed with a mercury cathode is also said to give Eii 
and Yb amalgams. The elements most clo.sely related to europium are gadolinium 
and terbium. 

Florentium. — Dr. Holla, of the University of Florence, Italy, proposed this name, 
for what appears to be illinium (element 61). 

Gadolinium. — This metal was identified in 1880 by C. Marignac in samarskitc 
It is named for the mineral gadolinite, which, in turn, is named for the Finnish 

' For a general diecuseion of dysprosium see Jour. Am. Chem. Soc., Vol. 39, p. 53, and Vol. 40, v 
593. 

* Jour, Am, Chom. Soc.^ Vol. 40, p. 1615, 
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chemist, Johann GadoUn. It « „ 

readues.! obtained from monasite sand 

Crystallization of alkali-gadolinium 8ulnhi.t« i v j 
sulphate gives only a rough concentration oLaLlSm "'Tn— 
mates gives a good method for scnaratinv thn 1 i ■ of the bro- 

butte ,b. .u*irrdTi:“;rs,t" 

good separation of Od from Sa, Pr, and Nd ^ ^ h* acetate method gives a 


Compound 

H2O of 

crystallization 

Grams salt in 100 
g. of saturated sol- 
uble at 25®C. 

Lanthanum acetate 1 

Praseodymium acetate 

1.5 

1.0 

1 n 

14.47 

21.48 

20.76 

13.06 

10.37 

8.28 

Neodymium acetate 

Samarium acetate 

1 . u 

^ n 

Gadolinium acetate . . . ‘ 

0 . u 

4 n 

Yttrium acetate 

4.0 

1 


Double nitrates of bismuth and those earths fractionate in the reverse of the 
acetates, and alternated with the axadate method, give a good separation. Fractional 
crystallization of the nitrates gives a rapid separation of the cerium earths in the early 
stages, but toward the end is much inferior to the acetate. Gadolinium can be rapidly 
separated from terbium by fractional precipitation with NH^OH.* 

If a mixture of sulphates is reduced by strontium amalgam, Gd can then be 
quickly separated from Tb, Y, Sra, and Eu by precipitating the gadolinium as a 
benzene sulphonato. 

Gallium is found chiefly in the flue dusts of zinc works. During the First World 
War, when large quantitii>s of zinc were redistilled, residues were left comparatively 
rich in gallium and indium. This alloy is volatile at the temperature of the ore 
furnace, but resists distillation for weeks at lOOO^C. 

It is probable, according to G. W. Waring, that any practical method of extraction 
must be founded on fuming the ore at a high temperature, circa 1500°C., and separat- 
iug the gallium from the flue dusts or where redistillation of spelter is carried on, on a 
tremendous scale. Gallium is interesting because of its low melting point, 30.8®C., 
and high boiling point. It instantly spreads in a thin mirror film over any sort of a 
dry surface (it wots glass), and it re-collects in a globule when wet with slightly 
acidulated water. The metal undercools after melting and may not solidify until 0*^0. 
is almost reached. 

Gallium may be separated from iron by the solubility of its hydroxide in NaOH, 
and from aluminum and chromium by precipitation as ferrocyanide. The ferro- 
eyanide, Ga4[Fe(GN)o]«, when ignited gives GasOs and FeaOj. It is not precipitated 
by HaS in acid solution, but is by NH^OH in NH4CI solution. Many of the gallium- 
aluminum alloys are liquid and wet glass. The metal itself may be produced by 
electrolysis of the chloride. The potential of the metal is apparently between indium 
and zinc, but it is distinctly more difficult than zinc to precipitate. It is one of the 
few elements that expand on solidifying (like bismuth). Its density near the melting 


* A critical study of the aeparation of gadolinium from other metals of the terbium- and ytterbium- 
earth groups is given in Z. anorg. allgem. Chem.^ Vol. 109, pp. 1-30, 1919. 

* Good goncral references ou gadolinium are Compt rend., Vol. 149, p. 127; and C^em* News^ Vol, 

100. p. 73, 
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point is variously given at 5.885 to 5.904 as a solid and 6.081 to 6.095 as a liquid. 
The cubical coefficient of expansion of the liquid is about 0.000055 per degree centi- 
grade, but the metal caimot be used in thermometers, as it wets glass. Its atomic 
weight is 69.72. 

Probably the easiest method of separation of gallium from indium and zinc is by 
fractional crystallization of the cesium alums. 

The metal cannot be separated by electrolysis of sodium hydroxide solutions in 
the presence of nitrates. 

Germanium. — Atomic weight, 72.6. The metal can be detected by a modified 
Marsh test, using KOH and AL GeH4 is formed, which decomposes at 340 to 360®C. 
The metal is prepared from germanium-bearing zinc oxides (containing also lead, 
arsenic*, cadmium, indium, tin, and antimonjO by treating the oxide with Hydrochloric 
acid and then distilling in a slow current of chlorine gas, driving over GeClAaiul AsCb. 
HaS is then passed into the distillate until precipitation is complete. Germanium does 
not precipitate with H2S in the presence of ammonium oxalate. The prei'ipitate is 
dissolved in hot 50 per cent NaOH and GI2 passed in to oxidize the arsenic. lAdd con- 
centrated HCl and continue the and distill. GcG^ now comes over between 90 
and lOO'^C^ free from arsenic. C%)llect the GeGb in water, as hydrated Ge02. The 
spectroscope shows traces of sodium, calcium, and iron, whi(‘h can be removed by 
redistillation. If the mixed sulphides are roasted at not over r)00"(\, most of the 
arsenic can be removed before distillation, without loss of g(*rnianium. 

At 600°('., 30 per cent of GeO^ is lost, at 800 to 900''(\, 80 to 90 pt*r cent is lost.* 
Samarskite, often given as containing germanium, appears to contain none. Ger- 
manium can also bo separated from ar8(*nic as the double fluoride (HaGeFfi), which is 
not affected by 1128, wh<*reas arsenic is precipitated m HF solution by H2S.2 

Trbain describes the preparation from blende a.s follows: Di.ssolvo the powdered 
mineral in concentrated H2vS04, and evaporate to dryn(‘s8. Dissolve in water and 
add Na^S. Treat the residue with 15 per cent H28O4. leaching out the ZnH. Treat 
the insoluble with HXO3 and evaporate to dryness. Hcdi.ssolve in H28O4 and from 
strong acid solution precipitate with H2S. The precij)itate is (h'S-: with a little As 
and Mo. Add an excess of NH4OH, neutralize, and throw out the As and Mo, then 
precipitate from a strong acid solution, 

Glucinum. — See B(»ryllium. 

Hafnium is of intere.st in that Bohr predicted the discov(‘ry of this (ilement by his 
theory of the structure of the atom and it was later di.scov(*red by X-ray observations 
by Coster and Hevesy of (V)penhagen. Its atomic number i.s 72. It resembles 
titanium and zirconium, and it appears to be found only in company with the latter. 
Dr. Alexander Scott of London claims to have isolated it as a cinnamon-brown oxide 
from a New Zealand black-sand deposit. Its atomic* weight is 178.6. It is probably 
present in the black-sand deposit just below Pablo Beach, Fla. 

Helvetium. — Proposed as the name for element 85-by Dr. Walt her Minder. 

Hibemium is a radio element that is assumed to be the origin of the particles that 
form the rings betwe^en the halves of ytterbium mica. It is probably identical with 
ytterbium itself. 

Hoimium. — lliis metal is very like dysprosium, but is element 77; Dy is 70. 
It is chiefly found in euxenite. It closely resemble.^ didyrniurn, terbium, yttrium, and 
erbium. The addition of an excess of samarium salt followed by fractional crystallizje 
tion removes yttrium, europium, and gadolinium. The samarium can then itsedf h*' 
removed as double sulphate (see pages 681). Fractional hydrolysis of the phthalatcs 
increases the hoimium content of a holraium-yttrium mixture, as does also fractiomil 

1 Jcur. Am. Chtm. 8oe., Vol. 43, pp. 2131-2143, 1921. 
pp. 2649-2552. 
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precipitation with sodium nitrite, but dysprosium cannot be so separated. ^ Ethyl 
sulphate crystallization using alcohol as the solvent is also used. 

Illinium. — Element 61 discovered in 1925 by B. S. Hopkins, J. A. Harris, and 
L. F. Yntema. Named for the state of Illinois. 

Indium. — This is one of the rarest of all the elements. It was discovered by Reich 
and Richter in 1863, and named by them for the two indigo-blue lines that are 
characteristic of its spark spectrum. It is found mainly in flue dust from zinc 
smelteries and in metallic zinc. 

If metallic zinc is used as the source, the zinc is dissolved in hydrochloric acid, the 
indium remaining with the lead, undissolved. Indium is precipitated as sulphide in 
neutral or only faintly acid solution. After freeing from the copper-group metals, 
the iron and indium may be precipitated together by ammonia, the precipitate 
rcdisBolved in hydrochloric acid, and the nearly neutral solution boiled with an excess 
of NaHSOa. 

Indium precipitates as a basic sulphite. Metallic indium may be prepared by 
heating the oxide with hydrogen, by electrolysis of chloride or sulphate solution in 
the presence of pyridine or hydroxylamine. Metallic aluminum precipitates metallic 
indium from its solutions at 70 to 80^(h It is a white metal, softer then lead, ductile, 


and malleable. 

It is very like gallium, and fractional crystallization of the double cesium alums 
is the only effective way of separating gallium and indium. It is stable at ordinary 
t cm p(*rat tires, but bursts into blue flame on heating. 

Lanthanum comes down with the double sulpliates (page 681) and is among the 
more insoluble of the double-magnesium nitrates. It is said that it can be rapidly 
separated from piast*odymium and neodymium l)y adding a mixture of 4N NHg 
and 4.V Nn 4 (’l, a drop at a time, at using mechanical stirring, but this is 

a laboratory rather than a commercial method. Fractional precipitation with 
ammonia in the presence of zinc and ammoniiiin nitrates is also recommended. 
Snecifie cravitv, 6.17. Lanthanum can be largely separated from neodymium by 
treatiut? a mixture of tlieir bromides with ethyl benzoate. The Nd reacts much 
taster to produce the insoluble benzoate, and the first precipitation can be made to 
consist of 95 per cent Nd benzoate to 5 per cent La benzoate. „ 

Lutecium.— In 1907, when (1. I'rbain was examining supposedly pure ytterbium 
nitrate fractions, he obtaineil different speetroseopk- lines for 

He decided that ytterbium was, therefore, composed of lutoi mm ( , . 

ytterbium, 173.4. The reactions are essentially the same for ^ 

lutecium. Apparently lutecium is Wclsbach s casseiopeium. It is named from the 

ancient Roman name for Paris, JiUtetia. . , , . if orOnhlr in dilute 

1. l.y tamtarfiw Ho with dooUmni 

In cither ease, the molybdenum is recovered from this solution by precipitauon 

For ferromolybdenum production, *”’'!^TOw'fr^”the ffltered solution 

solution and heated to boiling, and the moly narbon in an electric furnace. 

t y Fe.(SO.). or FeCl. and the precipitate smelted with carbon m an Uectn 


‘ Ct. Chmi. Aittr.. p. 2072. of 1918. 
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Molybdenum sulphide is said to be acted on at above 268®C. by chlorine, and it is 
suggested that pure sulphides could be treated with chlorine and M 0 CI 4 condensed. 

Molybdenum has a density of 10.2; tensile strength, 260,000 lb. per sq. in.; melting 
point, 2550°C.; boiling point, 361 7°C.; specific heat, 0.072 cal. per degree centigrade; 
linear coefficient of expansion, 5.15 X 10“®; thermal conductivity, 0.346 cal. per deg. 
per cc.; electrical resistance, microhms per cubic centimeter at 15°C., annealed, 4.8 
(all according to Balke). See also page 632. 

Nebulium is a hypothetical element^ not known terrestrially. It is probably a 
mixture of highly ionized N, O, and S. 

Neodymium. — This is found chiefly in ceritc, which may be dissolved in acids, 
and the earths precipitated as oxalates, which are converted into oxides on ignition. 
These oxides are then treated with nitric acid, which on heating produces, basic ceric 
salts. Lanthanum, praseodymium, neodymium, samarium, and ytterbium are in 
solution. Cr 3 ^stallization of the nitrates from nitric acid tends to conc^trate Ian* 
thanum, cerium, neodymium, and praseodymium in the mother liquors. (Crystalliza- 
tion of the double-magnesium nitrates tends to throw lanthanum and neodymium into 
the crystals. \ 

Neothulium. — See Aldebaranium. \ 

Neoytterbium. — In 1908, Urbain announced that ho had fractionated yUerbium 
compounds by a long series of crj^staUizations into two distinct compounds, the base 
of one with an atomic weight of 170 (neoytterbium) and the other with an atomic 
weight of 174 (lutecium). The name neoytterbium has been dropped and that of 
ytterbium given to this fraction, the unseparated earth often being spoken of as 'Hhe 
old ytterbium.’^ The above weights have since been corrected. Sec Lutecium, supra. 

Niobium. — See Colurnbium, which is the proper name. 

Praseodymium comes out in the insoluble double alkali sulphate fraction and then 
among the less soluble double-magnesium nitrates (sec scheme, page 681). Its name 
means ^Hhe green twin,^^ It can be prepared by electrolysis of the anhydrous chloride, 
which can also be reduced by sodium at 2()0°C'. It is a silvery white, easily tarnished 
metal, of specific gra\'ity 6.75, which melts at and kindles in air at 290‘'C. 

Rhenium accumulates in the Mo-rich material from working up the Mansfeld 
copper schists for Cu, Co^ Mo, and Ni. It is oxidized in sulphate solution with 
KClOs to potassium perrhenate and purified by fractional crystallization. Reduc- 
tion with hydrogen gives the metal. It can also be separated by saturating an alkaline 
solution containing Mo and Re with HiS, and refrigerating to — 5®C., when rhenium 
sulphide precipitates, and Mo remains in solution. Voight says metallic rhenium is 
obtained by electrolyzing alkaline aqueous solutions (D.R.P. 723,303). 

Rubidium was discovered in 1861 by Bunsen and Kirchhoff, and named for two 
dark red lines. It may be recovered from lepidolite by decomposition with sulphuric 
and hydrofluoric acid; or from any silicate by decomposing with CaCU^ and NH 4 CI 
and heat. From the first, cesium-rubidium alum can be recovered. From the second, 
after precipitation of CJaS 04 wdth H2SO4, and (^aCQi with (NH 4 ) 2 COji, the addition 
of platinic chloride throws down cesium-rubidium chlorplatinate. (Sec p, 85 also.) 

Rubidium metal may be prepared by electrolysis of the fused chloride. It is a 
soft silvery metal. It melts at 38.0®C. and boils at 696°C. It takes fire spontaneously 
in air and decomposes water vigorously. It can also be prepared by heating the 
the ishloride in vacuo with CaC^ at 700 to 900°(). The metal distills off. 

Cesium and nibidium are themselves separated by fractional crystallizations of 
eeiium-iron and rubidium-iron alums, followed by removal of the iron. 

Samarium. — Material containing samarium is purified as follows:* Cerium is 

‘ Nicrolaon, Roy. Aatron. Soe. M . N ., Vol. 78, p. 349. 

*OwKH», Balks, and Krbhsrs. Jour. Am. Chem. Soe.t Vol. 42. p. 515. 1920. 
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thrown out by bromine and marble; La, Pr, and Nd by fractionation of the double 
magnesium nitrates; Eu and Gd by fractionation of the magnesium double nitrates 
along with the double nitrate of Bi and Mg; and finally the Sm is alternately precipi- 
tated as Sm(OH)« and Sm2(C204)8 and recrystallizcd as hydrated chloride. The 
bismuth-magnesium nitrate is added and has a solubility intermediate to samarium 
and europium, so that it thus affords a separation. The last of the bismuth can itself 
be removed by H2S. The metal is supposed to melt about 1300 °C. It is named for 
samarskite, in which mineral it was first discovered. Specific gravity is 6.93. 

Scandium. — Scandium is chiefly found in the wolframite of Zinnwald, although 
Nilson discovered it in 1879 in euxenite. 

Scandium can be separated from wolframite residues by dissolving the oxides in 
hydrochloric acid and precipitating with ammonium fluoride.^ To separate pure 
scandium salt from this precipitate, lead, copper, etc., are precipitated with hydrogen 
sulphide from acid solution of scandium chloride; iron and manganese from solutions 
of scandium-potassium carbonate, the former with potassium-hydrogen sulphide, 
the latter with iodine in potassium iodide solution; molybdenum is removed as sul- 


phide by precipitation in the presence of formic acid; and the thorium, yttrium, and 
ytterbium by precipitation of scandium-sodium carbonate, combined with the frac- 
tional crystallization of sodium formate. 

The scandium is then thrown out of its solutions by HF or H2SiF6 or Na^SiFfi in 
acid solution, after which it w'ill contain only small amounts of thoria, yttria, and 
ytterbia. It can be furtlujr purified by precipitation with Na2S203, but will probably 
still contain about 1 per cent of thoria. 

The (NH^lsScFe, precipitated by addition of ammonium fluoride to scandium 
salts, also can be used for fractionating. This salt hydrolyzes to (NH4)2ScF8 and 

NH4SCF4. , , . w ^ , 

Pure scandium is diamagnetic. Yttrium and ceHium are the closest related ele- 
ments. Th(‘ atomic weight is now ordinarily given as 45 . 1 . 

M. 8pct(‘r says scandium can be separated directly by decomposing its minerals 
by acid, or fusing them with alkali and dissolving the melt in acid. The acid solution 
is filtered, the rare earths pre(!ipitated as oxalates and boiled with H3PO2, filtered 
again, the precipitate taken up in sulphuric acid and reprecipitated as oxalate.^ ^ 
Scandium is one of the three tdements clearly forecast by Mendel6ef. His eka- 
luminum is gallium, “ekasilicum’’ is germanium, and “ekaboroiP^ is scandium. 

Selenium.— This elcunent was discovered in the dust collected m acid-chamber 
flues bv Berzelius in 1817 . It is widely distributed in the ores of lead, copper, gold 
and silver and in pyrites. The chief source of the commercial metal is the flue dust 
from plants treating electrolytic copper slimes. There are a number of aUotropic 
forms. From the metallurgical standpoint only three varieties are imj^rtant; the 
finely divided material produced by precipitating si-lcmum from 
with sulphur dioxide or carbon monoxide (the fonner bemg the common 
procipit^t) ; vitreous selenium; and metallic sekiiium. “ ^ 

brighVred to dark-brown precipitate (this precipitated modification itself runs throu^ 
several allotropic forms), is heated it melts to a black m^s -"^^iWa 

ouicklv irives a black to Durplc-black vitreous bar when viewed by reflected hght Md a 

i "... »» .hi. .h«.. 

kept for some time at a temperature of 150 ”F. or over, it « a si very pay 

modification (metallic selenium), which is unique among ® which it is 

conductivity greatly altered by changes in the intensity of the hght with which 

illuminatiHl. 


» Bturba, J., /. BUktrochem., i». 289, 1914. 
^German patent 282657, 1941. 
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The resistance falls with increased illumination and increases as the temperature 
increases. 

The change from the vitreous to the metallic state is strongly exothermic and 
becomes more rapid as the temperature increases up to about 12i5®C. The metal 
melts at 217‘’C. 

The metallic modification can be changed back to the vitreous by melting and 
quick cooling. 

The refining of selenium and tellurium has become ^‘big business.” Two of the 
modern plants have allowed their recovery methods to appear in the Institute of 
Metals Division volume of the American Institute of Mining and Metallurgical 
Engineers for 1943, both being reprinted from Metals Technology of 1938. Frederic 
Benard describes the plant of the Ontario Kefining Co. at Chopper Cliff, and (3. W. 
Clark and J. H. Schloen describe that of the Montreal East plant of Canmian Copper 
Refineries Lid. The following is based on their articles. 1 

Modern selenium recovery by copper refiners is largely based on a sleyw roasting 
of the copper slimes with sulphuric acid. The dried slimes are mixed with\75 per cent 
of their weight of 60 per cent Be. sulphuric acid. Additional acid is also added in 
the form of a spray on two of the roasting hearths during the roasting operation, at 
the Montreal East plant. Roasting is carried on at 700 to 800°F.; the combustion 
gases from th(^ roasting furnaces being sent through the silver-refining scrubber system 
to avoid any possibility of loss of metal, while the roasting gases, which (‘ontain about 
85 per cent of the selenium, arc handh^d through a separate scTubber and (V)ttrell 
fume-recovery system. The scrubber solution is treatt‘d for selenium whenever the 
selenium content builds up to 1 lb. per cu. ft. of solution. 

The roasted slimes are leached with water, which (‘linunates most of the eoppei 
They are then treated with 10 per cent eaustic soda solution which removt'S about 
85 per cent of the tellurium. I’he solution from this soda leaching i.s later used to 
leach the soda slags from the dore furnaces. In smelting tlu^ slimes, the first slag is 
taken off, w hich contains chiefly lead, arsenic, antimony, and iron, and the residue 
left in the furnace is treated with fused soda ash and blown with air, most of the 
selenium and tellurium being converted to sodiuit) selenite and tellurite. The residue 
can also be treated with scrap iron, which breaks down the. selenium matb' and 
renders the blowing unnecessary. In either case, the soda slag is leached wdth the 
caustic solution from the previous slime treatment. 

The caustic soda leach i.s neutralized w'ith sulphuric acid, wdiieh precipitates the 
tellurium dioxide, the selenium remaining in solution. 

This neutralized solution and the scrubber solutions are acidified w ith 10 per cent 
of their weight of 66°B6. sulphuric acid and an* treated with sulphur dioxide. 
Precipitation is carried on between 60 and OO'^F.; below^ 60“ too large a quantity of 
sulphur dioxide ga.s is required to saturate the solution, while abovt* 100“ the selenium 
becomes plastic and Ls difficult to clean out from the pn^eipitalor and ahvays occludes 
a certain amount of sulphuric acid. Selenium cannot be precipitated completely from 
straight sulphuric acid solution so that the solution after precipitation w'ill still carry 
about 0.5 g. per 1. Se and about 0.2 g. per 1. To. 

The selenium precipitate is washed and added to the crude selenium from the 
scrubbers and Cottrell installations, and this mdenium is distilled using cast-iron 
retorts at just above the distilling point of selenium. This gives a selenium product 
containing less than 0.1 per cent Te. llie retort residue is ground and sent back to 
be roasted wdth the raw slimes. I'he precipitate from neutralization of the caustic 
soda leaches carries about 32 per cent Te, 6.5 per cent Be, and 2 per cent Cu, This 
mud is mixed with sulphuric acid and roasted for about 8 hr., wffiich eliminates most 
of the selenium as a fume and converts the copper tc water-soluble sulphate. 
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Tellurium cannot be prwipitated from a straight sulphuric acid solution, so about 
2 per cent of salt is added before passing in sulphur dioxide. The tellurium precipir 
tates and is filtered, washed, and melted, the bars containing about 99,7 Te 0 07 8e 
and 0.03 Cu. ’ ' ’ 

For the recovery of selenium from acid-chamber residue and similar material of 
the sort, the process originally introduced by the author of leaching these residues 
with sodium chlorate and hydrochloric acid can be used. After atering these solu- 
tions, the selenium is precipitated by sulphur dioxide. If tellurium is present, it is 
not precipitated by sulphur dioxide if the strength of the hydrocWoric acid is up to 
60 per cent. If tellurium is present, it can be recovered after the selenium has been 
filtered off by diluting the solution and allowing it to stand. 

The selenium precipitate is washed and dried, then either powdered, or melted in 
enamclware pans and cast. 

The leaching operation is most conveniently carried on in stoneware tanks, the 
precipitation either in stoneware jars, or, even better, in barrels painted with R & 
B. paint. The precipitation should not be carried on too fast or the precipitate will 
occlude sulphuric acid, which oxidizes the metal during drying and melting; nor should 
the precipitation be from too concentrated a solution or a purplish-black modification 
will result which is very hard to dry and very difficult to melt. 

The compounds of selenium are analogous to those of sulphur. The hydride, 
H^Se, is worse-smelling than the sulphur compound and more poisonous. A bubble 
of the pure gas is said to have paralyzed for 6 months the olfactory nerves of its dis- 
coverer. Jt forms SeFa (soluble in HF, hydrolyzed by HjO); Se2Cl2, SeCh, Se2Br2, 
8eBr4, Seals, Sel4, and various complex chlorbromides and oxyhalides. It forms 
SeOa and SeOa, which are the anhydrides of corresponding acids. Selenic acid is 
unaff(Hited by 8O2 or H2S (differs from selenious acid in these particulars), but is 
slowly reduced by boiling concentrated hydrochloric acid. Barium selenate is com- 
pletely de<*ompo.sed by hydrochloric acid, as is also the tellurate, thereby differing 
from barium sulphate. 

Reactions of importance from the metallurgical standpoint, in addition to those 
given above, are: The amorphous-powder modifications are soluble in potassium 
cyanide, forming KCNSe. Tellurium is insoluble (this gives a method of separation). 
Those amorphous modifications precipitated at low temperatures are soluble in carbon 
disulphide, but those precipitated at or heated to high temperatures are not soluble, 
nor is tellurium. Both selenium and tellurium go into colloidal dispersion when 
heated with strong sulphuric acid, the beautiful purple produced by tellurium being a 
characteristic test for it. The metals again precipitate on cooling or dilution. If, 
however, the heating is carried on long enough, the metal is oxidized, forms sulphates, 
and Ls no longer reprecipitated on cooling or dilution. 

Both selenium and tellurium and their compounds when heated with an alkaline 
carbonate and carbon form alkaline selenides and tellurides which are decomposed 
by the passage of air through their solutions. This is the process introduced by A. E. 
knorr for the recovery of tellurium from high-tellurium flue dusts. 

NajCOa 4- Te + 2C * NajTe + 3CO 
2Na2Te + Oj + 2H2O » 2Te 4 4NaOH 

Metallic selenium has a specific gravity of 4.8 and melts at 217®C. The specific 
gravity of the vitreous modification is 4.28 and of the amorphous about 4.26, A red 
orystallino modification has a specific gravity of 4.47 and seems to ^7^ 

md 180^0., but passes over quickly to the metallic modification and solidifi^, givmg 
^>ot 56 cal. per g. Selenium boils at 680®C. at 760 mm., at about 310®C. at low pres- 
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sures. It bums in air with a blue flame, forming SeOs, but the reaction requires 
external heat to maintain it. Above 250®C. it unites with hydrogen, more quickly as 
the temperature is raised. 

The chief use of selenium in tonnage is as a coloring matter for ruby glass. It is 
also used in electrical devices such as automatic light controls, etc., where its varying 
conductivity under varying illumination is of use, but the weight used in a selenium 
cell is almost negligible.^ 

Tantalum. — The metal is usually prepared from tantalite, the most important of 
the tantalum minerals. The Anally pulverized tantalite is fused with potassium 
hydroxide, converting the tantalum and columbium to soluble tantalatc and colum- 
bate. The melt is then dissolved in water, and after Altration the solution is neu- 
tralized with hydrofluoric acid, converting the columbate and tantalate into double 
fluorides with potassium. (If sodium hydroxide is used, the sodium taptalate and 
columbate that are formed are not soluble.) After neutralization with hydrofluoric 
acid, the potassium-tantalum fluoride, K-iTaFr, precipitates and can bemurifled to 
any desirable extent by recrystallization. The columbium forms a potassium- 
columbium oxy fluoride, KjCb 0 F 6 .H 20 , which is fairly soluble in water and in dilute 
hydrofluoric acid, \ 

Tantalum pentoxide can be formed by treating the potassium-tantalum fluoride 
with twice its weight of concentrated sulphuric acid at about 350°F. for 2 to 3 hr. to 
drive off all the hydrofluoric acid. The resulting solution is amber colored, and when 
this is poured slowly into boiling water it is hydrolyzed and dense white insoluble 
tantalic acid is formed. The precipitate should be washed with hot dilute sulphuric 
acid, then with water, and Altered. If this Jrecipitate is dried at 120°C. for several 
hours, it can be powdered readily. Ignition of the powder at 1000®C. yields TaaO^. 
This oxide is reduced in vacuo, which produces the metal. 

An alternative method based on the insolubility of sodium tantalate is based on 
the fusion of tantalite with sodium hydroxide. The addition of a little sodium car- 
bonate to the melt lowers the melting point greatly. The concentrate should be 
ground to about 100 mesh and added a little at a time to the fused alkali. R. H. 
Myers and Dr. J. Neill Greenwood, of the University of Melbourne, state that the 
optimum mixture is ground ore 1 part, caustic soda 2.7 parts, and .sodium carbonate 
0.3 parts.* The mixture can be melted in iron crucibles, and iron rods used to stir it. 
A Anal fused temperature of about 800®C. must be reached. 

The melt is poured on a clean iron or steel plate and allowed to cool in a thin layer 
and broken up while still hot. It is then heated with hot water, and after the lumps 
have completely disintegrated, the suspension is set aside to cool to room tempera- 
ture. The strong alkaline supernatant solution attacks Altering media, so it should 
be decanted from the insoluble matter, >vhich is then washed with cold water. The 
insoluble residue is mainly sodium tantalate and sodium columbate together with iron 
and manganese compoimds. The method has the advantage on low-grade ores of 
removing most of the silica, most of the tin, and practically all the aluminum as 
silicate, stannate, and aluminate, together with some of the titanium, as titanatc. 

The insoluble residue is then heated to boiling in su.spen8ion in hot water, and 
sufficient concentrated hydrochloric acid added to decompose the sodium salts, giving 
insoluble columbium and tantalum pentoxide, with sodium, iron, and manganese 
chlorides in solution. These oxides are separated by solution in hydrofluoric acid 
and are then fractionally separated as indicated earlier in this section. 

> For laboratory testa for impurities in selenium and for aeleot methods of selenium aaaay, r<^erenoe 
ahoold be made to LaNBaB* Vxctob, Occurrence, Chemiatry and Uaea of Selenium and Tellurium, Tran§. 

New York meeting, February, 1923. 

Audraiaman Jnaf. Mining Met., No. 129, new aeriea, March, 1943, p. 43. 
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According to French patent 834104, oolnmbium and tantalum can he reduced by 

eduction is possible by using an insufficient amount of 
carbide to precipitate both metals. The columbium is reduced first. 

Columbium pentoxide can be reduced with carbon at atmospheric pressure at 
tomperatwes above 1660°C. The metri can also be prepared by mixing Lumbium 
OTde and columbium carbide in stoichiometric proportions as powders and pressing 
the mix then heatmg it at a temperature below but close to the volatilising point of 
the oxide. After the reaction is complete, the temperature can be raised and a fused 
metal results. * 

Tantalum is not attacked by aqua regia or nitric or hydrochloric acid, either 
hot or cold. Solutions of caustic alkalies do not attack it. It is slowly attacked 
by boiling concentrated sulphuric acid and by hydrofluoric acid. It is rapidly 
attacked by a mixture of nitric and hydrofluoric acids. When tantalum is heated 
m air, the surface becomes blue at about 400'^C., and at a somewhat higher tern- 
perature nearly black. Above a dull-red heat the white oxide is produced and the 
metal gradually burns. The metal combines readily at elevated temperatures with 
hydrogen, nitrogen, and chlorine (the last producing the volatile pentachloride). The 
metal is tough and highly ductile and malleable. 

As an electrode the metal is of interest. Gold or platinum may be deposited 
on tantalum and removed with aqua regia. If two plates of bright tantalum are 
immersed in an electrolyte and a direct current passed, film forms on one plate in a few 
seconds and the voltage drops. With sulphuric acid of the strength ordinarfly used 
for electric storage batteries, the purr^nt is less than 1 milliamp. with a voltage up 
to 75. . 

If a tantalum and a lead plate are placed in an electrolyte and an alternating 
current passed, the current in one direction is shut off and a pulsatmg direct current 
obtained. Hydrogen gas is given off at the tantalum plate. 

Tantalum has a density of 16.6; atomic volume of 10.9; tensile strength, small 
wires, 130,000 lb. per sq. in.; compressibility per kilogram per square centimeter, 
0.50 X lO-®; Young's modulus of elasticity, 19,000 kg. per sq. mm ; melting point, 
2850®C. (?); specific heat, 0.0365; linear coefficient of expansion per degree 
centigrade, 7.9 X 10^®; thermal conductivity, calories per cubic centimeter per degree 
centigrade, 1.30; electrical resistance (annealed), microhms per cubic centimeter at 
15“C., 14.6; electrical coefficient of resistance, 0.00335 per degree centigrade. Dis- 
covered in 1802 by Kckeberg; named for Tantalus. 

Tellurium. — The presence of this element was suspected by MttUer von Reichen- 
stein in 1782 in a sample of gold ore from Austria, and was isolated in 1798 by Klap- 
roth. It is of common occurrence as sylvanite (gold telluride), particularly in 
Colorado. 

The metallurgy is intimately connected with that of selenium and reference should 
be made to what has been said on that metal (pages 692 to 693). 

Tellurium is a silver-white metal, atomic weight, 127.5; melting point, 452®C.; 
boiling point, ISQO^'C. (760-mm. pressure); density, 6.2; tensile strength, 115 kg. per 
sq. cm. 

It is used as a crystal detector in radio work, as a coloring matter in glass and 
ceramic trades, and, in the form of diethyl telluride, is an antiknock compound in the 
internal-combustion engine, and is a valuable reagent for the removal of cobalt from 
electrolytes in the Tainton process.* 

It unites readily with chlorine, forming TeClj and TeCl*, and with oxygen, forming 
Te02 and TeOi, which form acids HaTeOa and HaTe 04 , analogous to sulphurous and 

‘Baum, C, W., Ind. Eng, Chem,, June, 1923. p. 660. 

* Mintrah Yearhook^ 193S, p. 683. 
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sulphuric, except that tellurous acid is more stable and telluric acid less so than the 
sulphur analogues. 

It is a brittle crystalline-structured metal, tarnishing slowly in air, but less so than 
lead. Its compound with hydrogen, H 2 Te, has a frightful odor. It is peculiar in 
that it is eliminated almost entirely from the body as methyl telluride, via the lungs, 
giving a garlic odor to the breath. 

Tellurium combines readily with many metals when heated. The telluride of 
aluminum can be formed by dropping tellurium into molten aluminum. This tellu- 
ride is an interesting substance, decomposing with water to give aluminum hydroxide 
and hydrogen telluride, which is highly poisonous and almost intolerably offensive. 

Magnesium telluride is similarly formed, with explosive violence. In general, in 
making selenides and tellurides by addition, a mask and goggles should be|Worn. 

Terbium, found chiefly in gadolinite, belongs to the Sm-Nd-Gd-Pr group. The 
main difficulty is to free it from holmium and dysprosium. Its bromaie is more 
soluble than theirs, its nitrate and chloride less so. Its name is derived from Ytterby, 
near which town gadolinite was first found. Terbium oxide is black. ^ \ Crookes’ 
original element ‘^ionium,” not the radium decomposition product, seeins to have been 
terbium. \ 

Another separation is by the crystallization of the dimethyl phosphate. * See under 
Dysprosium. It is also said that terbium can bo oxidized by Kf’lOa to Tb 02 and can 
thus be separated from all other earths but Pr.^ 

Thallium is chiefly found in acid-plant flue dust, its extraction depending on 
the solubility of the sulphate and sparing solubility of the chloride. It is also found 
in the residues from the purification of Cd. The flue dust is boiled with dilute H2SO4 
in wood or earthenware containers, filtered, and HCl added. The precipitate is dis- 
solved in H 2 SO 4 and thallium again thrown down. Salt can b(j used instead |l)f HCl. 
The metal can be obtained by fusing the chloride cautiously with KCN and Na 2 C 03 , 
or it can be reduced by zinc and melted in an inert gas, but A. Kollikcr^ says the metal 
on washing quickly oxidizes and then dissolves, affording an easy separation from 
other metals. The metal is highly toxic, probably ranking next to mercury among 
the elements. The metal melts about 301°C. While most authorities say that 
TI2O3 dissolves readily in HCl, this seems very doubtful. 

Thallium is one of the few metals whose lower oxide is more stable than the upper. 
Its binary alloys with lead have a decidedly higher melting point than has either 
constituent, indicating possibilities in their use as insoluble anodes'^ and for acid-cham- 
ber linings. Lead-thallium and lead-thallium-tin alloys also have theoretical possi- 
bilities as high-temperature solders. 

Thorium. — Atomic weight, 232.15; melting point about 1800°C. The principal 
commercial mineral carrying thorium is monazite, although small quantities of 
thorianite and thorite have been used commercially. These latter minerals, however, 
are limited in quantity. Monazite is composed mainly of phosphates of the cerium 
and lanthanum earths together with a variable percentage of thoria. Its specific 
gravity is 4.8 to 5.5, and its color varies from yellow-gold to reddish brown and is 
occasionally even dark brown or black. Monazite occurs in certain gneissic and 
granitic rocks, but the actual commercial deposits which are worked are alluvial. The 
principal sources are Brazil and India, although the mineral has been mined success- 

I For a general resum^ of the work on terbium see articles by Urbain, G., Chem, News, Vol. 100, p. 73; 
Chem. Ztg„ Vol. 33. p. 745. 

^PBAKzrr];,, Zeit. anorg. oLlgem, Chem., Vol. 238, p. 225, 1938. 

* Angm. Chem., Vol. 52, pp. 536-537. Its valences are said to be 3 and 4. 

* Chem, Ztg„ Vol. 43, p. 231. 

* An alloy experimented with by Dr. Colin G. Fink and highly resistant in acid sulphate solutiona 
oontaioing both HNOa and HCl was: Ph, 70; Bn, 20; Tl, 10 per cent. 
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fully m the United States, in the Carolinas, Idaho, and Florida. It has been found 
m Switzerland, Af nca, and Australia, and to a limited extent in river rocks and placet* 
in Ekaterinburg, Russia. 

Monazite is usually found in gravels of small streams and in bottom lands. In 
Brazil and India it occurs mainly in the beach sands of sea water. It is found in 
small crystals in gneiss, granite, and pegmatite rocks. As these rocks become disinte* 
grated the crystals are washed into the creeks and streams and, together with other 
heavy sands, are deposited in the beds of watercourses. On the coast of Brazil the 
monazite from the crystalline rocks of the coast mountains is concentrated in the sea 
sands by the waves of the sea. The bulk of the monazite in Brazil is found in the 
states of Espirito Santo and Bahia. In India, the main location is in the Travancore 
district in southern India. The deposits of the Carolinas in the United States cover 
an area of several hundred square miles east of the Blue Ridge Mountains. Prac- 
tically all the monazite mined in the (Karolinas is d(jrived from the gravel in the 
streams and bottom lands, the miners usually following the course of the streams and 
creeks. The gravels vary greatly in thickness; in general, they are between l}4 and 
2% ft. thick. Monazite is also found in Florida. 

Extraction from the Ores. — The methods of treating monazite for the production 
of thorium nitrate are more or less secret and are changed from time to time, depend- 
ing upon conditions, costs of chemicals, etc. The general principles of the commoner 
method used before the First World War are as follows: The mineral is heated in cast- 
iron pans or pots with about twice its weight of concentrated sulphuric acid, until the 
monazite is completely decomposed, giving a white mass of sulphates, which are largely 
insoluble in the acid. This mixture is run into cold water in a lead-lined vat and the 
whole stirred until solution is complete. The material is allowed to stand for a consider- 
able period in ord<u that the insoluble matter, consisting of silica, zircon, rutile, and other 
minerals insoluble in concentrat<^d sulphuric acid, may settle out, and the solution 
that contains the rare earths, phosphates, etc., is decanted off. If now the free acid 
is partially neutralized so as to r(?duce the acidity, thorium phosphate is precipitated 
first, because it is less soluble than the phosphates of the other rare earths. The 
thorium phosphate still carrying quantities of other rare-earth phosphates is filtered, 
dissolved in a minimum amount of acid, and the fractional precipitation repeated. 

One method of still further purifying the precipitate is to boil it with oxalic acid,^ 
which causes the thorium to be precipitated as thorium oxalate, while the phosphoric 
acid remains in solution. The precipitated oxalates are digested for a prolonged 
period with sodium hydroxide, and the hydroxides formed are dissolved in hydrochloric 
acid. If the acid solution is then carefully treated with sodium hydroxide, until about 
one-sixth of the bases have been precipitated, thorium hydroxide will be precipitated 
before the other hydroxides. Baskerville has suggested the volatilization of the 
phosphoric acid by mixing 1 part of monazite with 1.1 parts of petroleum coke, 0.8 
parts of lime, and 0.15 parts of fluor spar, and heating in an electric furnace. This not 
only removes the phosphorus, but also gives the latter in a marketable form. Further 
purification of the thorium hydroxide may be carried on in one of several ways. The 
oxalate method depends upon the fact that thorium oxalate forms a double salt with 
ammonium oxalate, which is soluble, while cerium oxalate is almost insoluble. The 
carbonate method is based upon the fact that thorium carbonate forms double salts 
with the alkali carbonates, which are soluble, whereas the double salts of the cerium 
earth oxalates are insoluble. The sulphate method depends upon the fact that certain 
hydrated sulphates of thorium possess a considerable difference in solubility from the 
sulphates of the cerium earths. This fact is used as a basis for fractional crystalliza- 
tion. Whichever method is used, after the thorium is sufficiently purified it is con- 
* /our. Vol. 20, p. 640, 1916. 
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verted into thorium carbonate or hydroxide and dissolved in nitric acid and the solu- 
tion evaporated until thorium nitrate, Th(N08)4.4H20, crystallizes out. After the 
beginning of the First World War, owing to the greatly increased cost of certain chemi- 
cals, especially oxalic acid, considerable modifications were necessary in the process used 
for treating monazite sand. These changes in practice have been kept secret, but 
consist essentially in combinations of the methods described above. 

In a British patent^ the following method is described. The crude thorium phos- 
phate is boiled with caustic and then dissolved in sulphuric acid. Thorium fluoride 
is precipitated by hydrofluoric acid and dissolved in sodium bicarbonate. Thorium 
hydrate is precipitated by caustic soda, converted to sulphate, and crystallized. The 
sulphate crystals are converted to hydrate with ammonia and the cycle repeated. 
The thorium is finally converted to the nitrate. ; 

The element mesothorium, a radioactive product of thorium and hen^ a con- 
stituent of all thorium minerals, deserves mention, since it is now being recovered as a 
by-product in the refining of monazite.* Barium chloride (0.2 per cent of the weight 
of ore) is added to the ore, and then sulphuric acid. After dilution, the slimes con- 
taining the mesothorium and barium sulphate are decanted from the coarse residue, 
settled or filtered out of the solution, and treated for the further concentration and 
recovery of the mesothorium. 

Concentration Methods. — The first stage of concentration in the Carolinas 
involves the use of oscillating tables or sluice boxes. The concentrates produced 
in the sluice boxes contain 20 to 60 per cent monazite. The crude concentrates must 
be further refined, and are best treated by electromagnetic separators, of which the 
Wetherill type has proved to be the most successful. •'* The separation of the minerals 
is dependent on the difference in their magnetic permeability. The magnets are best 
adjusted so that the first pole of the first magnet removes from the sand the highly 
magnetic material, as, for instance, the magnetite and ilsemaimite ; the second pole 
of the first magnet extracts the garnets and also the finer grains of the ilsemaimite; 
the third magnet (being the first pole of the second magnet) removes all the coarser 
grains of the monazite; and the last pole extracts the finer grains of the monazite. At 
the end turn of the rubber belt of the machine, the residues are dropped into a recep- 
tacle. < The grade of the concentrates obtained from the different large sources of 
supply varies considerably. The average concentrate obtained in the Carolinas was 
about to 4 per cent thorium oxide, whereas that obtained from Brazil averages 
around 6 per cent. It was for this reason very largely that the industry in the 
Carolinas was ultimately given up. The monazite from India has even a higher grade 
than that from Brazil, averaging around 9 per cent thorium oxide, and some of it 
going still higher. A concentrate of this type carries about 27 per cent cerium oxide, 
29 per cent lanthanum and allied oxides, and 2 to 4 per cent yttria and allied oxides. 
It also contains about 26 per cent phosphoric acid. 

Metallic Thorium. — The metal has probably not yet been prepared in a perfectly 
pure state. Reduction of the oxide with magnesium is-never complete, and attempts 
to reduce with carbon give a mixture of the metal and carbide. Moissan and Honig- 
schmid heated the purified anhydrous chloride with sodium in a sealed glass tube and 
obtained a product that was said to contain only 3 per cent of the oxide. The amor- 
phous metaJ is a dark-gray powder of specific gravity 11.3, and when hammered and 
strongly heated it has a density of 12.16. It burns readily in air, and melts at about 
1700®C., although the pure metal would probably melt at a higher temperatiire. 

1 British patent 179399. 

» 17. 8. Bur. MintM Tech. Paper 266. 

’OowTHBB, **£lectromacnetic Ore Separation,*' 1909. 

* Kitsil, 17, 8, Bur, Minet Tech, Paper ) 10, 
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Uses of Thorlum.—TOe main use of thorium is in the incandescent gas-mantle 
industry. The successful use of incandescent gas mantles began in 1893 when Wels- 
bach patented the use of a mixture containing 98 to 99 per cent thorium oxide with 
1 to 2 per cent cerium oxide (English patent 124 of 1893). With this mixture the 
oxides give a brilliant light and have a maximum illuminating power. The cerium 
oxide is probably in solid solution in the thorium oxide.i Thorium oxide is a very 
poor heat conductor and hence can be raised to a high temperature. The small 
amount of cerium oxide gives enough color for efficient light emission. An outline 
of the methods used for obtaining mantles is as follows: The mantle itself is made 
either of ramie fiber or of artificial silk. The woven mantles are thoroughly washed 
in a 2 per cent solution of nitric acid, distilled water, and then in dilute ammonia. 
The latter is thoroughly washed out by distilled water. The mantle is dried in a 
current of hot air and then dipped in a solution of thorium and cerium nitrates, con- 
sisting of 99 per cent thorium salt and 1 per cent of cerium. 

Small quantities of beryllium or magnesium nitrate are added for strengthening 
purposes. The upright mantles are then fitted with an asbestos loop by which they 
are suspended, whereas the inverted mantles are fixed to a supporting ring. Those 
portions on which there is especial strain an? sometimes treated with a thorium solution 
containing much larger proportions of calcium, aluminum, or magnesium salts. The 
mantle is then shaped and burnt off from the top downward by applying a Bunsen 
flame. During this process of burning off, there is considerable shrinkage. As soon 
as the carbonization is finished, the mantle is shaped and heated with low-pressure 
burners, after which it is hardened by heating in a high-pressure burner. The mantles, 
now consisting of nothing but the ash skeleton, are immersed in a collodion solution 
containing collodion, ether, camphor, and castor oil. The ingredients may vary to 
some extent. After drying at a moderate temperature, the mantles are ready for use. 

Thulium. — Thulium was discovered in 1879 by Cleve, when he was attempting 
to find out what gave the rose color to the salts of ^^old erbium.^^ He named it for 
Thule,** an old name for Scandinavia. It is among the most soluble of the double 
nitrates, (See scheme on page 681 for its separation.) In solution with cerium and 
yttrium only, it is completely separated from them by precipitation with HsSiF*. 

Titanium. — llie chief commercial source of titanium is ilmenite, from which it is 
recovered by dissolving in concentrated sulphuric acid and then adding sodium 
chloride to the concentrated solution to throw down sodium-titanium sulphate. 

Alkaline hydroxides or carbonates precipitate titanium hydroxide from solution, 
a bulky gelatinous precipitate. The metal can be produced from the oxide by the 
Thermit reaction. 

The Carteret-Devaux process for the production of the metal is to reduce ore at 
red heat with coal, then to heat the reduced mass with chlorine gas at gradually 
increasing temperatures, distilling off successively iron, silicon, and titanium. 

In the preparation of pure titanium from the chloride Maurice Billy recommends 
sodium hydride for the precipitant,* TiCU -f 4NaH « Ti + 4NaCl -|- 2 H 2 . The 
purified oxide can also be reduced by heating in a current of hydrogen gas. George 
P. Comstock’* says that Ti02 can be successfully reduced by Na and Ca, but not 
by Al. TiCU can be reduced by Mg in an atmosphere of argon. 

Billy states that by reducing titanium dioxide with titanium it is possible to obtain 
the following: 

Between 700~800®C., a blue oxide, ThO^. 

Between OOO-IOOO^C., a violet oxide, TiaOs. 


' Whit* and Travkrs, Jour, Soe, Chem, Jnd,^ Vol. 21, p. 1012, 1902. 

* Ann. ehim., July-August, 1921. 

* Mdalo A AUoyo, Vol. 9, pp. 286~290v 314-318, 1938. 
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Between 110(>*-1200®C., a black oxide, Ti304. 

Between 1400-1500®C., a brown oxide, TiO. 

Titanium tetrachloride is an important smoke-screen compound, through its 
hydrolysis with the water vapor of the air. 

Titanium is important as an alloy metal for permanent magnets, using 15 to 30 
per cent Ti, 1 to 5 per cent Mn, 0.6 to 1.2 per cent C, with or without 2 to 5 per cent of 
Cr. Steels containing 10 to 30 per cent Cr, 5 to 12 per cent Ti, and 3 to 5 per cent Mo 
are said to be highly resistant to corrosion. 

Titanium is brittle when cold, but can be forged at red heat. So far it has proved 
impossible to draw it into wire. It is interesting that in the iron blast furnace 
titaniferous ores give copper-colored cubes of Ti(CN)2.3Ti3N2 in the slag. 

Victorium. — A metal reported by Crookes, apparently gadolinium. 

Ytterbium. — See Europium, above. 

Yttrium. — This metal forms a soluble double-alkali sulphate and is amtng the 
more soluble double nitrates {cf. pages 681 and 682). Probably the best sf‘pLaration 
from the other members of the yttrium group (Dy, Ho, Er, Tm, Yb, and Luy is the 
classic 'Tused-nitrate’* method (see page 682), but fractional precipitation Ws the 
cobalticyanide or as the nitrite [using K3Co(CN)6 for the precipitant with the first 
and NaN02 for second] gives fair separations. The Yt remains in solution. Frac- 
tional precipitation with potassium chromate does not rc^move erbium or holmium; 
the nitrite does. YTtrium mixed metal can be pro(lu{‘ed by dc(!omposing the anhy- 
drous chlorides in vacuo with sodium or by electrolysis of the mixed chlorides. It is a 
blue-gray color and disintegrates in time to powder, especially if exposed to moist air. 
The element derives its name from the Swedish town of Y'tterby. Atomic weight, 
88.92; melting point, about 1490®C. 

Zirconium can be produced by the reduction of ZrCU with metallic sodiumi. It 
alloys well with Ni, (Yi, Au, Al, Mg, and W. The oxide Zr02 becomes practically 
insoluble on strong ignition in every acid exct*pt hydrofluoric, and doubtless the con- 
flicting statements as to solubility merely reflect differences in ignition temperatures. 
The specific gravity of the metal is about 6.4. 

Bru^e and Chauvenet say there is but one nitride (ZrjN*). In reducing atmos- 
phere, the oxide has a strong tendency to form carbides. 

It is said that a pure Zr02 can be obtained by heating zircon with 1 } 9 times its 
weight of carbon to w^hiteness, then treating with dilute sulphuric acid and filtering. 
Zr(S04)2 is in solution. 

The acetate is apparently a hydrophilic colloid.^ It is soluble in water in all 
proportions, can be salted from its aqueous solutions like soap, and when shaken the 
solution lathers quite freely. Evaporation of the solution causes no crystallization, 
but results in an amorphous mass resembling gelatin. Solution of the residue from 
this evaporation takes place very much after the manner of the solution of gelatin, 
with first a swelling and softening and then a gradual dissemination of this gel through 
the liquid. It is in the exploitation of these peculiar- properties of the zirconium 
compounds that the most important industrial applications may yet be found. The 
hydroxide is a strongly adsorptive compound. 

Salts of the metal hydrolyze strongly, and Ilodd* says no normal salt exists in 
aqueous solution. Also the extent of the hydrolysis seems to depend on the method 
by which the salt was prepared. 

Zirconium is precipitated from its weakly acid solutions by sodium thiosulphate. 
The phosphate precipitates in strong mineral acid solutions, but the precipitate is 
difficult to wash and can be broken up only by fusion with caustic soda. 

1 Nonamasbr, Chem, Mel. Eng., July 28, 1924. 

Soc., Vol. 111. p. 396. 1917. 
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For^ e^ttraciing Zr02 from the ores, Marden and Rich say that for commercial 
extraction the best method is to heat 1 part of ore with 4 parts of concertrated sul- 
phuric acid until fumes have ceased and then raise the temperature to 650°C. After 
cooling, extract with 50 parts of cold water and filter, then add sodium carbonate until 
Zr(OM)4 just begins to form. Allow the solution to stand 3 or 4 days, during which 
4Zr02.3S08.14H20 will gradually settle out. This is ignited to give Zr02.^ 

Another method recommended for the treatment of zirkite is to sift 100-mesh 
material into a fused mass of 3 parts sodium carbonate and 3 parts sodium hydroxide. 
Fuse for 1 hr., cool, crush, and leach with hot water. The washed residue is then 
digested with 1 : 1 HCl and the solution filtered. Neutralize with soda ash as far as 
can be done without precipitation, and pass SO 2 into the hot solution. 

Zirconium melts about 2800°C., above Mo and close to Ta.^ The melting point 
of the oxide is given anywhere from 2560 to over SOOOT. If the metal actually melts 
at 2800®C., the higher value for the melting point of the oxide would seem correct. 

A. J . Phillips® says the best way to produce ZrCb is to bubble C-l^ through hot water 
and then pass the moist gas through a retort heated to about 500®C^. and filled with 
small balls of zirconia and petroleum coke. The following table of chlorination 
temperatures is given. 

Chlorination by MrxTTiRES of Cl2 and CO 



Treatment of Platinum Concentrates. — In general, the recovery of the platiiAum- 
group metals is based on their solution in aqua regia and their recovery as double- 
ammonium chlorides. 

In the treatment of crude platinum concentrates, the first step is a 24-hr. leaching 
with 3 1. of 20°Be. hydrochloric acid and 1 1. of 35°Be. nitric acid per kilogram of 
platiniferous material, keeping the mass (held in porcelain vessels) at 80°C. The 
insoluble residues from several portions thus treated will ordinarily be combined and 
treated again in the same manner for the recovery of further platinum. The insoluble 
residue from this re-treatment is eventually treated for the recovery of iridium and 
osmium (see pages 702-703). 

The solution is decanted from the insoluble residue and evaporated with the 
addition of about 1 1. of hydrochloric acid to each 6 or 7 1. of first solution. The 
evaporation should be carried to 140 or 150®C., in order to alter the iridium to such a 
form that it will not precipitate with the platinum in the next step. 

Redissolve the evaporated mass in hot water, and allow to stand for a few hours. 


' Jour. Jnd. Eng. Chem.^ Vol. 12, p. 651, 

*CoopS]i, Huqh S„ Jour. Am, Eltctrochom. Soc.t 1923, p. 222. 
* Jour, Am. Caram, 8oe. 
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Usually a residue of gold and platinum will separate out. This residue should be 
calcined, redissolved in aqua regia, and the gold thrown down with HNaSOj after 
evaporation with additional hydrochloric acid. Ferrous sulphate can also be used. 
The filtrate from the gold is added to the original platinum solution. 

The platinum solution is then brought to (ordinarily it will be stronger 

than that), and a 30 per cent ammonium chloride solution added, 2 1. of ammonium 
chloride solution per Uter of platinum solution, pouring it in gradually with energetic 
stirring. 

Allow to stand about 3 or 4 hr., not longer, or iridium will begin to separate, and 
then filter off the precipitate and wash with 20 per cent ammonium chloride solution, 
about 1 1. of wash solution being used for each 2 1 . of original platinum solution. The 
precipitate should be canary yellow. ^ 

Tlie precipitate is dried in crucibles and is then calcined about 8 hr. at| between 
700 and 800®C., the heat being raised gradually. Fused silica ware is best fen this, as 
even 1 per cent of iron in a clay crucible contaminates the material with iron. The 
atmosphere should be strongly reducing. \ 

The product of this calcination is known as “platinum moss.’* It is crusned in a 
mortar and boiled in 1 : 5 hydrochloric acid to remove any adhering iron. \ 

If the moss is to be used to produce an agglomerated mass of platinum it should be 
calcined at an even higher temperature, but the temperature given is sufficient if it 
is to be used for platinum salts. 

Iridium Recovery. — When the solution from the precipitation of platinum with 
ammonium chloride is left standing, the iridium at length comes down as (NH 4 ) 2 lrCle. 
This is filtered, washed, dried, and calcined, giving iridium moss. The iridium moss 
is then treated with dilute (i.e., 1 : 3) aqua regia, in which the platinum dissolves and 
iridium remains insoluble. The platinum solution goes back into the first stage of 
the process, while the decantate, filtrate, and wash waters from the iridium precipita- 
tion are treated with zinc and sulphuric acid, or cast iron and sulphuric acid, throwing 
down all the heavy metals remaining in solution. This precipitate is known as “first 
blacks.’' See also the “lead separation’* on page 704. 

This is filtered over a vacuum, washed, dried, and put in a bone-ash cupel and 
roasted in a mufile. A treatment with 1 : 5 H 2 SO 4 will then remove the copper, giving 
cleaned blacks, which are washed by decantation. 

The cleaned blacks are then heated with dilute (1:3) aqua regia, giving Pt, Pd, 
and traces of llh and Ir in solution, and Ir and Eh in the residue (insoluble blacks). 

Nitrates are removed and the platinum thrown down from solutions as was dis- 
cussed imder Treatment of Platinum Concentrates, on the preceding page. The 
platinum thus produced is known as “black platinum.” The filtrate contains lead, 
rhodium, and iridium. These are thrown down again with soft iron or zinc and 
sulphuric acid, the precipitate being known as “second blacks,” the second blacks then 
being roasted and cleaned with HCl (1:3) and redissolved in aqua regia. Evaporate 
to a spongy consistency with addition of HCl to get rid^f the nitric acid compounds, 
then dissolve the spongy mass in ammonia water. Add hydrochloric acid to acid 
reaction, and yellow (NHJjPdCU should come down. The filtrate carries rhodium 
and iridium, which should be added to the solution from the insoluble blacks.* 

1 Thomas A. Wright says the precipitate will become contaminated with palladium on standing and 
win be reddish brown and that it should not stand over 5 to 10 min. Further footnotes signed T, A« W. 
are by Mr. Wright. 

* To effect the precipitation of platinum with NH 4 CI it is always necessary to remove completely 
the HKOa Othemise palladium and iridium are precipitated also. Although palladium, when 
present in appreciable amounts, is precipitated with platinum whether HNOi is present or absent, in 
the last case it is one of occlusion. Palladium forms two salts with NH 4 CI, that of the higher state of 
oxSdaticm bding insoluble in excess of NH 4 CI; that of the lower state of oxidation being soluble.—^ 
T. A. W. 
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Trefttment of the Insoluble Blacks. — The insoluble blacks are mixed with three 
times their weight of BaOs and strongly calcined in a coke furnace for 5 or 6 hr. 
NasOa may also be used, taking five to ten times as much as there is of the residue. 
It is best to use fresh Na202 containing little CO2. 

The mass is ground and dissolved in 16HC1: 2HN08, using 4 1. of the mixed acid per 
kilogram of the mixture of blacks and barium peroxide. The solution should be feebly 
red. 

Evaporate in porcelain to dryness so as to render insoluble the silica which has been 
introduced by the barium dioxide treatment. Redissolve in hot water, adding a little 
of the 1 5HC1 : 2H NO2 mix already used. Settle and decant, and wash the silica residue 
with hot water. 

The consumption of acids can be lessened by leaching the barium dioxide fusion 
with hot water, discarding the solution, and treating the insoluble residue with the 
16HC1:2HN03 mixture. 

Precipitate the barium in the solution with H2SO4 and filter off the solution. Heat 
the barium-free solution in porcelain on a sand bath, gradually adding NH4CI to 
saturation. Use about 300 g. of the salt per liter of liquid. After 3 or 4 hr. a purplish 
black precipitate of (NH4)2lrCl6 comes down. Filter and wash until the filtrate is 
only slightly colored. 

The filtrate contains rhodium. It is treated with zinc or iron and sulphuric acid 
to produce crude rhodium (^‘rhodium blacks co- 
production of Osmium. — Melt the insoluble residues from the original platinum 
treatment with four or five times their weight of pure zinc, and then heat for several 
hours at a white heat to distill off the zinc. The fumes from this distillation contain 


osmium and should not be inhaled. 

Powder the residue from this zinc treatment, and mix with three times its weight of 
Ba02. Pulverize the **mos»** thus obtained. Wash and dry. A train of Wolff 
bottles is then arranged. The first has three outlets, one used to let in a mixture of 16 
parts HC1:2HN03, as required; the second is used as a steam inlet, and the third 
connects to the receiving train. In practice, this flask is large enough to contain 10 
kg. of moss; 15 1. HCl; 2 1. HNOg. The moss is placed in the bottle and the train 
connected, the acid in the above quantity admitted and steam then passed in, the 
bottle itself being heated. The receiving train consists of five bottles of the same 
size, in series, the first three containing water, the fourth NaOH, and the fifth Na2S04. 
Osmium distills; iridium and ruthenium remain behind. ^ ^ 1 

The iridium liquor remaining behind is precipitated hot with ammonium chloride 
as already described under treatment of the blacks. The ammonium chloriridate is 
washed, filtered, dried, and calcined to moss, which is cleaned with 1:3 aqua regm. 
Platinum and palladium that have been carried along this far will dissolve and can be 

returned to their appropriate place in the cycle. 

Take the solution of the osmium in water in porcelain, add NH4UH to alitaumty, 
and heat for IH Filter, wash, dry, and roast the precipitate U> metallic osmium. 


Look out for the fumes, which are dangerous. , , .j * 

Iridium-ruthenium Separation.—Reduce the ammonium-mdium chloride to 
**mos8.- Bring a mixture of 3 parts KOH and 1 part KNO, to a 
slowly add 1 part of the moss by weight and hold at a dark-red heat for IH to 2 nr. 
Cool and treat the melt with cold water. Na202 can also be used and some consider 


it preferable. 

KiRttO. dissolves; the iridium is practically insoluble. 


precipitated with zinc.^ 

> Sm Jour. Am. Ckmn. See., December. 1925. Two article, by Jam« Lewi. How. and .Modatoe. 
Separation of ruthenium and aolubiUty of pertain of ite salts. 
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Decant aftd wash the iridium with sodium chloi^ite until solution is no longer red. 
Take the insoluble residue and clean it with very dilute hydrochloric acid and calcine. 
Wash with hot water and very dilute hydrochloric acid. Strong hydrochloric acid 
carries iridium into solution. Give the insoluble residue a dead roast on the filter.^ 

Take the filtrates and wash waters from all the above treatments and bring 
everything down as ‘^blacks.” Wash and calcine, then dissolve in 1:3 aqua regia.* 
This dissolves the platinum, palladium, and gold^ and leaves an insoluble residue of 
rhodium and ruthenium. The gold is precipitated with sulphur dioxide after evapo- 
ration with additional hydrochloric acid,'* and the solution then treated with zinc and 
sulphuric acid, the precipitate, after calcining and cleaning with HCl, being almost 
pure palladium, providing the original separations have been carefully made. 

Melting of the Platinum Metals. — These metals are all best melted in a; crucible 
made of quicklime, with a cover of the same material. Platinum, like silver! absorbs 
a relatively large quantity of oxygen when molten. After melting the platinum, this 
can be burned off by reducing the oxygen blast and allowing an excess of gastto enter 
the furnace. Palladium is still worse. \ 

Lead Separation of Platinum and Iridium.® — The metal is melted with ten times 
its weight of pure lead in a covered graphite crucible, in which is also placed enough 
powdered wood charcoal to cover the melt about 1 in.® The heating is conducted in a 
furnace and should be continued at red heat for about 2 hr. After the alloy has 
cooled, it is removed and the charcoal washed off. The metal is then treated with 
successive portions of dilute nitric acid (1 to 5) during 4 or 5 hr. (it is well to let it 
digest overnight). The solution, which contains the l(*ad and some platinum, is 
separated by decantation through a filter; the residue, containing iridium and plati- 
num, is washed with dilute nitric acid and then with hot water. The filtrate and 
washings are evaporated until crystals begin to form; then sulphuric acid is ^dded 
until no further precipitation takes place, a little more being added to be sure of an 
excess. The white precipitate containing part of the lead as sulphate is removed 
by filtration and washed with hot water. The filtrate is evaporated on a sand bath 
until copious white fumes come off; then it is cooled and water is added. The cold 
solution is filtered, and the white residue containing the rest of the lead is washed with 
water. 

The filtrates and wash waters are evaporated just to dryness and are treated with 
hydrochloric acid, after which the platinum may be recovered as ammonium chlor- 
platinate or by precipitation with metallic zinc and hydrochloric acid. 

The residue from the nitric acid extraction containing the iridium and the rest of 

1 It u very difficult to wash out the ruthenium salts with sodium hypochlorite and during the opera- 
tion ruthenium is volatilized and lost. The washing is best done by decantation, as in filtering through 
paper, the latter becomes clogged by r\ithefiium reduced by the carbonaceous matter of the filter. The 
ruthenium is better precipitated with magnesium ribbon, but keep the solution acid or it will be difficult 
to remove the magnesium salts. Always wash all platinum-group metals precipitated as such with 
acidified water, and in the case of botli finely divided residues and precipitate it is best to use paper 
pulp in filtering. — T. A. W. 

* Palladium is soluble with difficulty when oxidized. It should be reduced after calcining, — T, A. W. 

* It also dissolves some rhodium. Note that when finely divided, freshly precipitated and unig- 
nited and undried, these metals are the most readily attacked with acids. When compact or when 
ignited, iridium, ruthenium, rhodium, and. osmium are difficultly soluble. This is the distinction which 
the literature very often fails to make: therefore the cause for so-called conflicting statements. Of 
general interest also is the fact that rhodium is found in most all of the aqua regia solutions: ruthenium 
and osmium rarely. — T. A. W. 

® All precipitate^ihrown down with SO 2 are contaminated with palladium and copper if the latter 
are present in any ffuitity. — T. A. W. 

» From Methods for the Recovery of Platinum, Iridium, etc., from Jewelers' Waste, U,3» Bur. Mines 
Tech. Paper 842. 

* A porcelain crucible coated with lamp black may be used,— T. A. W. , 
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the platinum is treated for several hours with a mixture of 1 part nitric acid, 4 parts 
hydrochloric acid,<and 9 parts water at a temperature of 80X. It is well to let this 
reaction go overnight. The residue is filtered and washed with hot water and is then 
melted again with lead and treated as before to remove the small quantity of platinum 
that may still be present. 

Osmium Poisoning. — The metal osmium must be handled with great precau- 
tions. It oxidizes slowly at room temperatures when finely divided or powdered, 
and the oxide appears to have a sufficient volatility at ordinary temperatures to 
make the presence of the powdered metal in the room poisonous to some people. 
The oxide melts at 40°C. and boils at about 100°C. It is highly irritating to the 
mucous membranes and to the eyes. While the blindness (or in light poisoning cases, 
the intense smarting) is usually believed only temporary, and no permanent bad 
effects arc ascribed to osmium fumes, Schoeller and Powell state that the oxide is 
reduced to metal by contact with the tissue “and the metallic film thus deposited on 
the cornea produces permanent injury to the eyesight.’^ Osmium fumes should, 
therefore, be kept as much as possible under a hood, and close-fitting goggles or a gas 
mask should be worn by anyone exposed to them. 

OsOi reacts with hydrochloric acid of 1.16 sp. gr., but not with weaker solutions, 
forming OsC'U. 

Ruthenium. — R. A. C-ooper’ says that ruthenium fumes, like those of osmium, 
are hard on the eyes of anyone working with them. The RUO 4 begins to volatilize 
at about 600°C. 

A concentrated solution of RUO4 will dissolve with concentrated NH4OH to form 
gray-brown (NH 4 ) 2 Ru 05 . RUO 4 reacts with HCl of over 1.160 density to form RuCh, 
but does not react with acid below that strength. 

It should be noted that the methods here given for the treatment of the platinum 
metals are essentially 'fhe same as presented by Louis du Parc in “Le Platine du 
Mende,^^ referred to in Chap. XL 

1 Jour, Chem, Met. Soc. S. Africa, Vol. 22, p. 152, 1932. 
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METRIC-ENGLISH EQUIVALENTS 


Length 

1 ft. - 0.30480060096 m. 

1 in. « 2.540005 cm. 

1 m. - 3.28083 ft. « 39.370000 in. 

Area 

1 sq. in. =» 6.452 sq. cm. 

1 sq. ft. 0.09290 sq. m. 

1 sq. yd. - 0.83613 sq. m. 

1 sq. m. « 1.1960 sq. yd. « 10.764 sq. 
1 sq. cm. *= 0.15500 sq. in. 


Volume 

1 cu. yd. = 0.764559445 cu. m. 

1 cu. ft. » 0.028317 cu. m. 

1 cu. in. =» 16.3872 cc. 

1 cu. ft. = 28.316 1. 

1 cu. in. « 16.3867 ml. 

1 cu. m, » 1.3079 cu. yd. 

1 cc. » 0.06102 cu. in. 

11. “ 61.025 cu. in. « 0.0353 15 cu. 

ft. 


Mass 

1 lb. (avoirdupois) « 0.4535924277 kg. 

1 oz. (avoirdupois) « 28.3495 g. 

1 oz, (troy) « 31.10348 g. 

1 dram (3 * 3 3, apoth.) = 3.887935 g. 

1 kg. « 2.20462234 lb. (avoirdupois) 

1 g. “ 0.035274 oz. (avoirdupois) = 

Capacity 

1 qt. (Hquid) « 0.94633307 1. 

1 qt. (dry) « 1.1012 1. 


« 2.67923 lb. (troy) 
0.032151 oz. (troy) 
» 15.4324 grains 


1 1. * 1.05671 qt. (liquid) » 0.9081 qt. (dry) « 33.8147 fl. oz. 

1 fl. oz. « 0.0295729 1. « 1.80469 cu. in. 

Note. — 1 gal. (liquid) « 231.0 cu. in, 

1 bu. (dry) »■ 2,150.42 cu. in. 

11. « 1,000.027 cc. 


Ihp. 

1 kw. 

1 ft,.lb. 

1 poundal 
1 gram’s weight 
1 pound’s weight 
1 hp.*.year 
X kw.-yr. 


Energy 

0.746 kw. » 33,000 ft.-lb. per min, 

1.341 hp. » 1,000 joules per sec. 

1.383 X 10’ ergs « 1.383 joules « 0.1383 kg.-m. 
13,825 dynes. 

980 dynes. 

444,518 dynes. 

6,535 kw.-hr. 

11,747 hp.-hr; 
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NONFERROUS METALLURGY 


International Atomic Weights, 1943 


Element 

Symbol 

and 

atomic 

number 

Weight 

Val- 

ence^ 

1 

Electro- 
chem. equiv- 
alents, g. 
per amp.- 
hr. 

Melting 
points, 
deg. C. 

Boiling 
points, 
deg. C,, 
visible 
ebullition 

Aluminum 

Al(13) 

26.97 

3 

0.3355 

658.7 

1800.0 

Antimony 

Sb(51) 

121.76 

3 

1 . 5145 


1460.0 


A (18) 

39.9 

0 


— 189^ 

— IRA 0 

Arsenic 

A8(33) 

74 91 

3 

0.9318 

850.0 

460 !0» 

Barium 

Ba(56) 

137.36 

2 

2.5619 

850.0 


Beryllium 

Be(4) 

9.02 

2 

0.1683 


j 

Bismuth 

Bi(83) 

209.0 

3 

2.5902 

271.0 

1440.0 


B(5) 

10.82 

3 


2350 0 

3500^ 

Bromine 

Br(35) 

79.92 

1 

2.9814 

-7.3 

\ 58.75 

Cadmium 

Cd(48) 

112.41 

2 

2.0974 

320.9 

778,0 


Cs(55) 

132 91 

1 


26 0 

\ 

Calcium 

Ca(20) 

40.08 1 

2 

0 7478 

810 0 

\ 

Carbon 

C(6) 

12.01 

4 

0.1118 

>3600.0 

3760.0 

Cerium 

Ce(58) 

140 13 

3 

1 7426 

623.0 

' 

Chlorine 

Cl(17) 

35.46 

1 

1.3230 

-101.5 

-37.6 

Chromium 

Cr(24) 

52.01 

3 

0.6470 

1520 to >Fe 

2200.0 

Cobalt 

Co(27) 

58.94 

3 

1.1000 

1610* 



Cb(41) 

92.91 



1950-2200 


Copper 

Cu(29) 

63 . r>7 

2 

1 . 1858 

1083.0 

2100.0 

Dysprosium 

Dy(6fi) 

162.46 

3 




Erbium 

Er(68) 

167 2 

3 




Europium 

Eu(63) 

152 0 

3 



' 

Fluorine 

F(9) 

19.0 

1 

0.7085 

-223.0 

-187.0 

Gadolinium 

Gd(54) 

156 9 

3 




Gallium. 

Ga(31) 

69 . 72 

3 


30 1 


Germanium. 

Ge(32) 

72.6 

4 


i 

958 0 


Gold 

An (79) 

197 2 

3 

2.4522 

1063.0 

2100.0 

Hafnium 

Hf(72) 

178.6 





Helium. 

He(2) 

4.003 

0 


-271.9 

-268.8 

Helvetium 

Hv(85) 




Holmium 

Ho(07) 

164.94 





Hydrogen 

H(l) 

1.008 

1 

0.03761 

-259.0 

-252.8 

Illinium 

11(61) 






Indium 

In (49) 

114.76 

3 

1.4271 

154.6 

1000.0 

Iodine 

1(63) 

126.92 

1 

4.7353 

114.0 

184.35 

Iridium. 

lr(77) 

193.1 

4 


2300.0 

2850.0 

Iron 

Fe(26) 

55.85 

2 

1.0416 

1530 ± 5 

2450.0 

R[l^pf,nn 

Kr(3C) 

83.70 

0 



-161.7 

T,aiith Aniitn 

La (67) 

138 . 92 

3 




Lead 

Pb(82) 

207.21 

2 

3.8051 

327.4 

1525.0 

Lithium 

Li(3) 

6.94 

1 

0.2569 

186.0 

500.0 

Lutecium 

Lu(71) 

174 99 

3 




Magnesium 

Mg(12) 

24.32 

2 

0.4536 

661.0 

1120.0 

Manganese 

Mn(25) 

54.93 

2 

1.0255 

1260 ± 20 

1900,0 

Masurium 

Ma(43) 






Mercury 

! Hg(80) 

200.61 

2 

7.4840 

-38.87 

357.0 

Molybdenum 

! Mo(42) 

95.95 

2 

1.7903 


3350.0 

'Neoflynitim 

Nd(60) 

144.27 

3 


840.0 


Neon 

Ne(lO) 

20.18 

0 


-253.0 

-245.9 








^ In thoee easce in which a metal han two valences, the valence given corresponds to the electro- 
chemical equivalent, and may not necessarily be the commoner one. 

* Sublimes. * Commercisi metal, about 1480**C. 
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Intebnationai; Atomic Weights, 194S.— (Continued) 


Element 

Symbol 

and 

atomic 

member 

Weight 

Val- ' 
ence* 

Electro- 
ubem. equiv- 
alents, g. 
per amp.- 
hr. 

Melting 
points, 
deg. C. 

Bmling , 

deg. C., 
visible 
ebullition 

Nickel 

Ni(28) 

58 69 

2 

1.0951 

1452 ± 3 

2450.0 

Nitrogen 

N(7) 

14.008 

3 

0.1742 

-210.5 

-196.7 

Osmium 

Oa(76) 

190.2 

4 


2700.0 

2960.0 

Oxygen 

0(8) 

16.00 

2 

0 2985 

-218.0 

-183.0 

Palladium 

Pd (46) 

106.7 

2 

1.9903 

1650.0 

2540.0 

Phosphorus 

P(16) 

30 98 





Platinum 

Pt(78) 

195 23 

4 

1.8206 

1755.0 

287,0 

2650.0 

Polonium 

Po(84) 

214.2 

4 

1.9586 



Potassium 

K(19) 

39.096 

1 

1.4590 

62.3 

667.0 

Praseodymium 

Pr(59) 

140 92 

3 


940.0 


Protactinium 

Pa(91) 

231 

6 



Radium 

Ka(88) 

226.05 

2 


900 0 


Radon 

Rd(86) 

222 4 

0 


-71.0 

-62.0 

Rhenium 

Re(75) 

186 31 

4 


Rhodium 

Rh(45) 

102 91 

3 

1.2797 

1940.0 

2750.0 

Rubidium 

Rh(37) 

85 48 

1 


38 0 


Ruthenium 

Ru(44) 

101 7 

4 


's.ioi^n f) 

2780.0 

Samarium 

Sa(62) 

150.43 

3 


1350 0 

Scandium 

aSc(21) 

45.10 

3 


1200. 0(?) 


Selenium ! 


78.96 

2 

1.4733 

1 218.5 

690.0 

Silicon 


28.06 

4 

0 2618 

1420 0 

3800.0 

Silver 

A«(47) 

107.88 

1 

4.0245 

961.0 

1955.0 

Sodium 

Na(ll) 

22.997 

1 

0.8579 

97.5 

742.0 

Strontium 

Sr(38) 

87.63 

2 

1.6333 

>Ca<Ba 


Sulphur 

6(16) 

32.06 

2 

0.5980 

122.8-119.2 , 

444.5 

Tantalum 

Ta(73) 

180.88 

5 


2850.0 

, 

Tellurium 

Te(52) 

127.01 

2 

2.3803 

451.0 

1390,0 

Terbium 

Tb(65) 

159.2 

3 




Thallium 

TI(81) 

204.39 

1 

7.6249 

302 0 

1700.0* 

Thorium 

Th(90) 

232.12 

4 

2.1G49 

>1700.0 <Pt 


Thulium 

Tm(69) 

169.4 

3 




Tin 

Sn(5()) 

118.7 

2 

2.2141 

231.9 

2270.0 

Titanium 

Ti(22) 


4 

0.4490 

1795.0 ± 160. 

2700.0 

T ungsten 

W(74) 

183.92 

6 

1.1493 

3267 0 

3700.0 

Uranium 

U(92) 

238.07 

4 


Near Mo* 

3100.0 

Vanadium 

V(23) 

50 95 

5 


1720.0 + 20.0 


Xenon. 

Xe(64) 

131.3 

0 


-140 0 

-109.1 

Ytterbium 

Yb(7()) 

173.04 

3 


1800. 0(?) 


Yttrium 

Yt(39) 

88 92 

3 


1490.0 

Zinc 

Zn(30) 

65.30 

2 

1.2199 

419.4 

918.0 

S^rconium 


91.22 

4 


1700. 0(?) 








Not®, — The hypothetical ooronium, BUpponod to exist in the Bolar corona, has lately been shown 
to be highly ioniaed nickel, calcium, and iron. 

* In those cases in which a rnetal has two valences, the valence given corresponda to the electi'o« 
chemical equivalent, and may not necessarily be the commoner one. 

* Also i^ven as 1280*^0. 
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The Atomic Nuhbebb 


(The arrangement is like that of a logarithmic table. The first figure of the num- 
ber is given by column 1, the second figure by the numbers at the tups of the columns.) 



0 

1 

2 

3 

4 

5 

6 

D 

8 

9 

0 



He 

Li 

Be 

B 

C 

N 

0 

P 

1 

Ne 


Mg 

A1 

Si 

P 

S 

Cl 

A 

K 

2 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

3 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 

Y 

4 

Zr 

Cb 

Mo 

Ma 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

5 

Sn 

Sb 

Te 

I 

Xe 

Cs 

Ba 

La 

Ce 

Pr 

6 


1 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

7 


■a 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt \ 

Au 

8 


H' 

Pb 

Bi 

Po(?) 

9 

Rd 

1 

Ra 

Ac(7) 

9 


H 

U 









> Named illinium by (he diecoverers, B. S. Hopkins, J. A. Harris, and L. F. Yntema. P^bably 
RoUa’s florentium. 

* PosBibly helvetium — Dr. Walther Minder. 

• Poflsibly virginium— Dr. F. Allison. 


EQuiLiBKitTM Conditions for Socphates 


Fe,(S04),?i 

A1,(S04),9=( 

2 CuS 04 ?=i 

2 CuO.SOj?:^ 

ZnS 04 ?=t 

FejOf + 3SO| 

AI 2 O 1 -f- 3SOj 

2 CuO.SO, - 1 - SO, 

2 CuO SO 3 

ZnO + SO, 

Temp- 

Milli- 

Temp- 

Mali- 

Temp- 

Milli- 

Temp- 

MUli- 

i 

Temp- 

Milli- 

erature 

meters 

erature 

meters 

erature 

meters 

erature 

meters 

erature 

meters 

553* 

23 

572* 

28 

546* 

43 

600* 

62 

675* 

5 

570* 

33 

621“ 

51 

588“ 

55 

653“ 

98 

690* 

6 

592* 

45 

681* 

120 

615* 

70 

686 * 

123 

720“ 

24 

614* 

70 

702* 

180 

642* 

98 

0 

0 

139 

750* 

61 

634“ 

113 

720* 

261 

665“ 

130 

728* 

173 

775* 

112 

650* 

149 

731* 

356 

700* 

233 

745* 

209 

800* 

189 


182 

742* 

480 

714* 

324 

775* 

298 




286 

748* 

692 

725* 

460 

805* 

542 



690* 

401 

s • » 

. • . 

731* 

647 





699* 

560 









707* 

715 










Tempoature in degrees centigrade. 
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A 

Actinium, 654 
Aladar alloy, 27 
Aldebaranium, 683 
Alkali metals, 73 
properties of, 74 
Alkaline earth metals, 73 
physical properties of, 85, 86 
Alloying practice, aluminum, 32 
Alloys, bismuth, 143 
chromium-nickel, 557 
copper-nickel-zinc, 612 
gold and silver, 290, 341 
heat-treatment of, 37 
lead-base, 148 
manganese, ferrous, 569 
manganese, nonferrous, 570 
nickel, 613 

nickel-chromium, 612 
nickel-copper, 610 
nickel-iron, 612 
silver, 290, 341 
soldering, 38 
tin, 657 
welding, 38 
white gold, 290 
Alluvial separation, 298 
Aloton process, Al, 10 
Alpax alloy, 27 
Alumina, from alunite, 10, 12 
from leucite, 12 
preparation of, 8, 10 
Aluminum, alloying practice, 82 
bibliography, 40-43 

and copper, comparative properties of, 31 
corrosion of, 24, 25 
foundry practice, 30, 34 
historical survey, 1 

leaching, hydrochloric acid, 10, 11, 12 
hydrofluoric acid, 12 
nitric acid process, 11 
sulphuric acid, 10 
manufacture of, 13 
melting practice, 29 
minerals, 5 

molding sand and core sand, 34 
oxidation of, 20 
producers, 2 
properties of, 20, 21 
reduction furnaces, 16 
secondary, 33 
Aluminum alloys, 26, 28 
casting, 27 

defects in eastings, 86 

The subject matter of the 


Aluminum alloys, gates and risers, 36 
properties of, 19, 20, 22 

Aluminum chloride, volatilization proci for, 
550 

Alunite, as source of alumina, 6, 12 
Amalgamation, gold, 302, 305 
silver, 339 

Ammonium sulphate exchange process, for 
alumina, 10 
for manganese, 580 
Analyses of brands of tin, 661 
Analytical methods, beryllium, 71 
tin, 075 

Andes Copper Co., leaching at, 367 
Anode slime (copper), treatment of, 269 
(See also Blimes) 

Anodizing, 16, 64 

Antidotes to cyanide poisoning, 335 
Antimonlal lead, 127 
blast-furnace smelting, 127 
Autimonial lead ores, 313 
Antimony, blast-furnace recovery, 122, 126 
chemical properties of, 104 
concentration of ores, 136 
converters, 128 
effect of, on copper, 273 
crucible reduction, 122 
direct extraction, 124 
electrolytic deposition, 130 
electrolytic extraction, 129 
English precipitation method for, 123 
flotation at Djinli Kaya, 135 
Follsain furnace, 115 
Herrenschmidt process, 114 
history, 104 

liquation, continuous, 109 
intermittent, 108 
markets, 106 
metallurgy, 108, 119, 136 
ore, blast roasting, 116 
ore deposits, 105 
ore dressing, 135 
physical properties, 104 
production economics, 137 
reduction, in crucibles, 122 
in reverberatory furnaces, 120 
in blast-furnaces, 122 
refining, 133 

reverberatory refining, 133 
reverberatory smelting, 120 
roasting, 110 
smelting byproducts, 129 
starring, 124, 132 
tetroxide preparation, 110 
trioxide, blast furnace for, 118 
BT volume is not indexed here 
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A.ntimony, uses, 107 
volatiliBation, 112, 114 
wet methods of extraction, 120 
Wiluna practice, 135 
in sine electrolysis, 424 
Appendix, 707-710 

Arsenic, calcium arsenate making, 103 

chemical properties of, 94 ' 

cobalt, separation from, 587 
effect of, on copper, 273 
kitchens, 100 

lead arsenate making, 102 
metallic, 95 
properties of, 94 
recovery from cobalt ore, 101 
trioxide, handling hazards, 103 
manufacture of, 96, 101 
refining, 99 
roasting, 98 
sources of, 95 

white arsenic manufacture, 96, 98 
in zinc electrolysis, 424 
Arsenical cobalt-ore treatment, 586 
Arsenical lead-ore treatment, 314 
Arsenical pyrite treatment, 101 
Asada alumina process, 12 

Ash-fusion gas producer for zinc-plant residue, 442 
Assay conversion tables for gold and silver, 340, 
341 

Assay methods, for gold electrolyte, 286 
for mercury, 502 
for tin, 675 
Atomic numbers, 710 

Atomic weights, international (1943), 708, 709 
Augustin process, 338 
Australia, Wiluna gold mine, 135 
Avonmouth, zinc roasting, 445, 446 
zinc sintering, 447 

B 

Baelen method of zinc sintering, 447 
Baker and Burwell process, 522 
Balbach process of refining silver bullion, 280 
Barium, electrometallurgy, 92 
production and prices, 93 
thermal metallurgy, 92 
uses, 93 

Barrel process, silver, 339, 

Bauxite and related minerals, 2 
commercial, 3 

mining and preparation of, 6 
treatment of low-grade, 10 
Beneficiadora de Mercuric flow sheet, 513 
Berger and Kuhne process, alumina, 12 
Beryllium, 67, 683 
determination of, 71 
extraction of, 69 
historical survey, 67 
ores of, 67 
reduction of, 69, 70 
uses of, 71 

Betts alumina process, 14 
Betts electrolytic lead pr 9 oee 8 , 370 
BisUicate, definition, 228 
Bismuth^ alloys, 143 


Bismuth, chemical properties, 140 
effect of, on copper, 273 
electrolytic refining, 141 
eutectic alloys, 142 
extraction processes. 140, 141 
history, 139 
l' occurrence, 139 
properties, 139 
separation of, from lead, 141 
Black-£tard permanganate process, 337 
Black sand treatment, 301 
Blanc process, AhOa, 11 
Blanket concentration, 301 
Blast furnace, for antimony oxide, 118,, ^26 
for antimony reduction, 122, 125 
for copi>er, 230 
for lead, 160 

Blister copper, refining of, 248 
Blue powder, 457 

Boiling points of elements, 708-709 
Boss process, silver, 340, 626 
Brass scrap, spelter directly from, 468 
Brine leaching, of copi>er ores, 538 
of lead ores, 1 55, 536 
of silver ores, 530 
of zinc ore, 540 
Bromocyanide process, 334 
Brytal aluminum finish, 16 
Buchner process, AljOs, 10 
Bullion, blending of, 276 
electrolytic refining, 278 
lead, desilvetizing, 191 
softening, 193 

Bus bars, zinc refining, 411-413 


Cadmium, as a by-produot, 438, 469 
copper residue treatment, 407 
electrometallurgy, 470 
hydrometallurgy, 471 
pyrometallurgy, 469, 471 
in zinc distillation, 460 
in zinc electrolysis, 425 
Calcium, 87 

in magnesium alloys, 91 
metalluigy of, electrolytic, 88 
thermal, 87 
oc,currence, 87 
production and prices, 91 
as scavenger, 91 
uses of, 91 

Calcium arsenale, manufacture of, 103 
Calcium carrots, 89, 90 
Calcium molybdate man\ifacture, 634 
Caldron process, silver, 518 
California process, gold, 336 
Canadian nickel smelting, 597 
Canvas tablee, 302 
Carbide reduction of Hg, 49 
Carbon electrodes for aluminum production, 17 
Carbonyl processes, nickel, 602, 605 
Camotite, 616, 638 
treatment of, 641 


Cassiopeium, 683 
Casting and melting zinc, 429 
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CasUnss^ lauimiium, gates and 
Castner cell, Na, 76 J rh . 

Cathode ainc, purity of, 427 . • , 

Cathodes, rotating-disk, for zinc, 420 .k 
stationary, 429 ' ■) , 

Caveat process, tin, 547 < .j . u ' 

Cazo process, silver, 518 > ^ 

Cell arrangement, zinc electroly8iSi-415 
Cell resistance, electrolytic zinc, 414, 416 
CelUum, 684 ^ 

Cerium, 681, 684 
Cermak-Spirek furnace, Hg, 482 
Cesium, metallurgy of, 84, 85 
occurrence, 84 

Chesney process, magnesia, 47 
Chile Copper Co,, leaching, 359 
Chloride volatilization processes, 157 
Chloridizing processes, raw ores, 524, 527 
Chloridizing roasting, 519, 527 
for tin ores, 665 

Chlorination, Miller process of, 275 
Chlorination process, gold, 336 
Chlorine, dry>gas processes, 552 
as metallurgical reagent, 517 
metallurgical tree, 518 
production statistics, 552 
volatilization processes, 544 
wet-gas processes, 551 
in zinc electrolytes, 424 
Chrome ore, chemical, 557 
metallurgical, 550 
refractory, 557 

Chromite, chloridization, 548 
grades of, 556 

Chromium, bibliography, 504, 565 
chemicals, 561, 502 
metal, 557 

ph>’sical constants, 556 
plating, 563 
stainless steels, 560 
steels, 558 

direct reduction, 560 
stellite, 558 

Chromium-nickel alloy's, 657 
Chrom-X, 559 
Claudet process, 338 
Coal consumption of zinc furnaces, 454 
Cobalt, 583 

arsenic separation, 587 
arsenical ores, 586 
bibliography, 592 
chloridizing Co ores, 555 
compounds of, 591 
copper separation. 588 
effect on copper. 273 
electrolytic, 692 
nickel, separation from, 589 
occurrence, 583 

oxidized material, treatment, 586, 587 
properties, 584 

recovery at Lebanon, Pa., 591 
sulphide-ore treatment, 586 
usee of, 591 


Cobalt ore, arsenic recovery from, 101 
Colcord process, 197 
Columbiurn, 685 . 

Condensers, metal, for mercury, 496 
for zinc, 452 

Condensing systems, for mercury, 494 
for zinc, 452, 455 

Coniston plant, nickel smelting, 698 
Continuous lead refining, 205 
Continuous zinc distillation, 465 
Conversion tables for assay valuations, 340, 341 
Converters, basic-lined, for copper, 245 
Converting, 240 
Copper, Ajo practice, 349 
anodc-sliine treatment, 269 
antimony, effects of, 273 
arsenic, effect of on, 273 
bibliography, 368 
bismuth, effect on copper, 273 
blast furnace, 230 
cadmium residues, treatment, 407 
cobalt, separation from, .588 
converter, basic-lined, 245 
converting, 240 
counter e.rn.f., 26.5 
electrolytic deposition, S(B4 
electrolytic refinirig, 264-267 
furnace refining, i249 
furnaee types, 229 
hydrometallurgy, 345 
impurities, effects of, 273 
iron, effect of, in, 273 

reduction in leaching, 362 
leaching, 345, 347, 348-367 
lead, effects of, in, 274 
metal loss in refining, 225, 271 
nickel, effect of, on, 274 
nickel-zinc alloys, 612 
oxide ores, smelting, 247 
oxygen, effect of, on, 274 
oxygen-free, 274 
pyritic smelting, 235 
rediiction process, 234 
refined, proywrUcs, 272 
refining, furnace, 248, 249 
reverberatory furnace, 237 
roasting practice, 221, 229, 350 
silicon, effects of, on, 274 
silver, effect of, on, 274 
slime treatment, 220—223, 205, 269 
sulphide ores, roasting, 221, 350 
smelting, 227 
sulphur, effect of, on, 274 
in zinc electrolytes, 425 
Cordero, Nev., quicksilver plant, 509 
Core sand mixes for aluminum castings, 85 
Cornelius process, Zn, 465 
Cortis Rosas, Bardinia, antimony smelting, 115 
Corundum, as an aluminum mineral, 6 
Cost of Hg furnace plants, 504 
Counter e.m.f. in copper refining, 265 


wet eeparatiouz, 587 
in line ebotrolytea, 424 
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Cowles process, aluminum, 13 
Crimson antimony sulphide, 107 
Crowe process, cyanide, 328 
Cryolite, 6 
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CupeUatioo, 215 

Ciuie recovery process, radium, 641 
Current density, copper refining, 265 
sine refining, 427 

Current efficiency, copper refining, 266 
Current leakage, copper refining, 266 
Cyanidation, 308 
Cyanide, losses of, 313 
regeneration of, 333 
Cyanide poisoning, antidotes, 335 
plant precautions, 336 
Cyanicides, 313 
continuous, 323 
filter bottoms, 317 
filter cloth, 334 
fouling of solutions, 333 
leaching, 317, 320 
lead in, 312 
lime, use of, in, 315 
mercury in, 312 
oxygen in, 331 
sand and slime, 315 

D 

llecantation, continuous counter current, 324 
simple, 323 

Decomposition of residual cyanide, 325 
Decomposition temperatures of sulphates, 338, 
710 

Deetken process, gold, 336 
Denebium, 685 

Denny desulphurising process, 335 

Depolariser, manganese dioxide as, 572 

I>eailverisation of lead bullion, 191 

Detinning processes, 554 

Deutsch process, Cu, 354 

Deville limensoda process, alumina, 11 

Deville-Peohiney process, 9 

Desinking lead with chlorine, 199 

Die and permanent-mold casting, Al, 37 

Diehl and Marriner process, 335 

Disease of tin, 656 

Distillation, continuous, of sine, 465 

Djinli Kaya flotation plant, 135 

Doetsch process, 521 

DonvDelattre furnace, 450 

Downs edl, Na, 77 

Dredges, gold, 300 

Dross, sine, uses of, 431 

Dross basket, 207 

Dry concentration, 301 

Dubhium, 685 

Dunlop process, manganese, 574 
Dust, sine, 461 
Dust collectors, Hg, 493 
Dsmprosium, 685 


Electrodes, gold deposition, 284 
manufacture, Al, 18 
sine sulphate electrolysis, 410 
Electrolysis of sine, 379 
ampere efficiency, 420 
cell arrangement, 415 
cooling electrolyte, 417 
current density, 427 
deposition period, 427 
impurities, effect of, 423 
metal loss, 435 
power equipment, 409 
power requirements, 433 
production of pure solutions, 382, 394 
recovery in, 435 j 

residues from, 430 
roasting for, 393 
slag fuming, 442 
solution purification, 402 
Waels treatment of residues, 441 
Electrolyte, for bismuth deposition, 141 
for cobalt deposition, 592 
for copper refining, 264, 364 
purifying, 267 

Electrolytic bullion refining, 278 
Electrolytic, copper, 364 
acid loss, 375 

construction and operation, 376 
manufacture of, 373 
ohms per cubic inch, 371 
resistance curves, 371 
Electrolytic gold, 282 
analysing electrolyte, 286 
Electrolytic iron, 555 
Electrolytic lead, 370 
bibliography, 378 
Electrolytic manganese, 579 
Electrolytic nickel, 600 

Electrolytic silver, analyzing electrolyte, 282 
Moebius process, 279 
Electrolytic slimes, treatment of, 220 
Electrolytic tin, refining, 675 
slime, 225 

Electroplating, chromium, 564 
nickel, 610 

Electroscope for radium, 652 
Ellis and Wells manganese process, 573 
Emanation, Ra, boiling off, 650 
measurement, 648 
English-metric equivalents, 707 
English precipitation method, antimony, 123 
Erbium, 686 _ 

Europium, 686 

Euston process, aluminum, 150 
Exeli furnace, Hg, 481 
Exhaust fans, mercury, 498 


Bkeley and Stoddard's method, tungstic acid, 
625 

Eleetric-fumaoe processes, beryllium, 69 
Eleotrochemical ^ta, Pb, 370 
Eieotfochemieal equiyalents, 708^709 
ElectA>ofaemical aeries, 378 


Feldspars, as ores of aluminum, 5 
Ferrites, formation of, 152, 389, 406 
Ferrosiiicon process. Mg, 49 
Ferro vanadium, 618 
Filter press, leaching in, 322 
Filtration of sine residues, 404 
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Fineaeae of preoioua-metal lUloyi, 841 
Flash roaBting, 386 
Florentium, 686 
Flotation, oil, for tin, 666 
of Sb ores at Djinli Kaya, 135 
of cyanide tailings, 297 
Flow sheets, for gold ore, 316, 318, 319, 321 
for gold refining, 284 
for mercury, 507, 508, 513 
for nickel, 598, 601, 603 
for rare earths, 681 
for sine, 398 

Fluorine in xino electrolytes, 426 
Follsain furnace antimony, 115 
Forging aluminum, 37 
Freeport sulphur process, nickel, 604 
French oxide, 462 

French treatment, Mn>Ag ores, 577 
Froelich process, Cu, 354 
Fuming slag for sine, 441, 442 
{See also Waels process) 

Furnace refining, copper, 249 
Furnaces, for aluminum casting, 30 
Dor-Delattre, Zn, 450 
Herreshoff three>sone. Hg, 491 
multiple hearth. Hg, 489 
Rotxheim Remy, Zn, 466 
softening and refining, Pb, 194 
Wedge, Zn. 385 
WetheriU, Zn, 462 
Fusible alloys, 143 

Fusion gas producer treatment of Zn residues, 442 
Fusion method for radium determinations, 650 
Fusion processes, alumina, 12 

Q 

Qadnlinite treatment, 683 
Gadolinium, 686 
GaUium, 687 

Gas washer, Long Deeley, 467 
Germanium, 688 

in sine electrolytes, 425 
Gilmour*Young process, Au, 335 
Gitsham process, Au, 335 
Glucinium, 688 

(5lse also Beryllium) 

Gold, aUoys, 290 
amalgamation, 302, 305 
barrel process, 337 
chlorination process, 336 
conversion of assay valuations, 340 
cyanicides, 313 
cyanidation, 308 
determination in electrolyte, 286 
dredges, 300 
eleotrolytio refining, 282 
flow sheets, 816, 818, 319, 821 
hydrometallurgy, 302, 805 
leaching, 317, 320 
mechanical separation, 298 
parting, 275 


Gold, in sea water, 296 
tanks for, 321 
Wohlwill process, 282 
Golden antimony sulphide, 107 
Goldschmidt alumina process, 10 
Goldschmidt detinning process, 554 
Greenawalt process, Cu, 357 
Griesheim process, AUOi, 11 
Guss and fluss parting, 293 

H 

Hafnium, 688 

Haglund process, aluminum, 12 

Hall process, aluminum, 13 

Hansgirg process. Mg, 47 

Harris process, Pb, 197 

Haslup and Peacock process, manganese, ,575 

Hastelloy, 558 

H6roult process, aluminum. 14 
Herrenschmidt process, antimony, 114 
cobalt, 590 
manganese, 573, 574 
Herreshoff three-zone furnace, Hg, 491 
Helvetium, 688 

Hermes, Idaho, quicksilver plant, 511 
Hibernium, 688 

Hizon and Miller process, AhOi, 12 
Hodson-Wang process, antimony, 128 
Hoepfner procesa copper ores, 521 
zinc ores, 521 
Holmium, 688 
Holt-Dern process, 530, 534 
Homestake, S. D., leaching and slime treatment, 
310, 311 

Horizontal-wheel casting machine, 201 
Howard dross press, 206 
Howard stirrer, 206 
Hunt and Douglas process, Cu, 520 
Hybinette process, Ni, 602 
Hydrochloric acid leaching (AliOi), 11 
for radium, 644 

Hydrogen sulphide as precipitant for Zn sedu- 
tions, 403 

Hydrometallurgy, amalgamation, 302, 305 
cobalt, 587 
copper, 345 
gold, 289 
lead, 155 
manganese, 580 
mercury, 514 
zinc, 379 

Hyposulphite leaching of silver ores, 519, 541 
I 

Illinium, 689 

Impregnation of magnesium castings, 64 
Impurities, effects on copper, 273 
in zinc concentrates, 393 
Indium, 689 

Insoluble blacks, treatment of, 703 
Inspiration Consolidated Copper Co., leaching, 
367 


production in 1939, 296 
pulp formulas, 341, 343 
residue treatment, 277 


Insulation for electrolytic tanks, 259, 415 
International atomic weights (1943), 708, 709 
International Nickel Co., Ltd., smelting, 597 
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Iridium recovery, 702 
Iridium^ruthenium separation, 703 
Iron, effect of, on copper, 273 
electrolytic, 555 
precipitation from Mg, 03 
reduction in leaching, 362 
in sine electrolytes, 426 

J 

Johnson-McKay type of Zn retort, 478 
Jones process, manganese, 569 

K 

Kalunite process, AlsOs, 11 
Kaplan manganese process, 575 
Kiss process, 338 
Kissock process, AhOa. 15 
Kitchens, condensing, for arsenic. 100 
Knox & Osborn furnace, Hg, 481 
Krohnke process, 519 
Kuhlman process, manganese, 574 

L 

l^anthanum, 689 
Lautal, 27 
Leaching, 317, 320 
batch, 402 
brine, 155 

concentrate preparation, 382, 383 

conffned. 348 

continuous, 348, 402 

copper, 350 

in filter press, 322 

filtration of residue, 404 

Pachuca tanks for, 396 

in place, 345 

radium ores, 644 

{See alao Hydrometallurgy) 

Uad, 147 
alloys, 148 

bismuth, separation from, 141, 207 
blast furnace, 164 
chemistry of, 174 
design, 165-171 
borates, 153 
brine leaching, 155 
carbonates, 150 
Carter white, 150 
chemical properties, 149 
chloride, 152 

chloride volatilization, 157 
continuous refining, 205 
eupellation, 215 
in cyanidation, 312 
dezinking, 199 
dross basket, 207 
effect of, on copper, 274 
electrolytic refining, 370 
fiuosilicate, 153 
furnace refining, 199 
Howard drosa press. 206 
Howard stirrer, 206 


l4ead, iridium-platinum separation by lead, 704 
minium, 150 
molding, 199 
ores of, 153 
oxides of, 149 

platinum-iridium separation by, 704 
plumbates and plumbites, 152 
reactions of oxides and sulphides, 152 
refining, 194 

reverberatory smelting, 178, 181 
roasting, 189 
smelting processes, 158 
softening, 194 

Sperry white-lead process, 150 
sublimed white, 151 j 

sulphide-oxide reactions, 152 
uses of, 144 

in the U. S., 146 
in Zn electrolytes. 425 
Lebanon, Pa., cobalt recovery at, 591 
Leggo roasting furnace, 389 
Uddell inoihoii for selenium recovery, 693 \ 
Lime in cyanidation, 315 \ 

Lime-soda method, alumina, 10 
Lithium, alloys of, 84 
metallurgy, 83 
minerals, 82 
occurrence, 82 
prices, 84 
uses, 84 

Loevenstein process, aluminum, 12 
Long-Deeley gas washer, 467 ; 

Longmaid-Henderson process, oopi>er ores, 520 
Loss of mercuiy in Au metallurgy, 306 
Low melting alloys, 142 
Luce-Hozan method, Pb, 213 
Luce-Rozan plant, 214 
Lutecium, 689 

M 

Mace blast furnace, Sb, 126 
Magnesium, 44 
alloys, 58, 91 
Bi>ecifications, 59 
anodizing, 64 
bibliography, 64 
carbide reduction, 49 
carbon reduction, 47 
casting, 62 

chemical properties, 55 
oliloride process, 51 
commercial forms, 55 
corrosion resistance, 56 
ferrosilicon process, 49 
impregnation of castings, 64 
melting and casting, 62 
metallography, 64 
minerals, 45 

oxide production, 47, 53 
physical properties, 56, 57 
precipitation of iron from, 63 
production statistics, 46 
sea water, MgO from, 47 
sources, MgO content, 45 
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Malm prooess, complex ores, 523, 552 
Manganese, demand for, 581 
electrolytic, 579 
ferrous alloys, 569 
heptavalent, 578 
hexavalent, 578 
hydrometallurgy, 580 
**-ic*' compounds, 571 
mechanical concentration, 567 
metal and alloys, 568 
production of, 566 
minerals of, 567 

nitrogen-dioxide process for, 581 
nonferrous alloys, 570 
oxide interfering in Ag recovery, 577 
physical properties, 578 
silver-manganese ore treatment, 535 
in zinc electrolysis, 426 
Manganese dioxide, production of, 573 
properties of, 572, 578 
Masurium, 689 
Mears process, Ag, 337 
Melting points of elements, 708-709 
Melting practice, aluminum, 29 
magnesium, 62 
zinc, 429 
Mercury, 473 
assaying, 502 
bibliography, 515, 516 
chemical treatment of ores, 514 
concentration, 512 
condensing systems, 494, 496 
cost of plants, 504 
dust collectors, 493 
exhaust fans for, 498 
flow sheets of plants, 492 
furnaces, 480 

hearth vs. rotary furnaces, 492 
Herreshoff three-zone furna<je, 491 
Johnson-McKay retoit, 478 
losses in reduction, 503 
metallurgy, 475 
multiple hearth furnaces, 489 
operating costs, 505 
plant descriptions, 506-511 
properties, 474 
retorts, 476 
roasting ore, 476 
rotary furnaces, 483, 485 
firing, 488 

vs. hearth furnaces, 492 
Scott furnace, 482 
settling tanks, 409 
soot machines, 500 
stacks and stack lines, 499 
tanks, settling, 499 
three-zone furnace, 491 
uses, 474 

Mesothorium, 664 

Metal losses in Cu refining, 225, 271 
Hg production, 503 
in Zn metallurgy, 405, 435, 457 
Metals, minor, 680 
rare, 680 

Metrie-Bnglish equivalents, 707 

The subject matter of 


Miguet-prooess, alumina, 12 
Miller prooess of chlorine refining, Au, 276 
Mining, tin, 602 
Minium (red lead), 150 
Minor and rare metals, 680 
Moebius process, of refining silver, 279 
Moffat method, alumina, 11 
Moffet ore hearth, 185 
Molding machine, for lead, 199 
straight-line, 200 
Molding sand and core sands, 34 
Molybdenum, 632, 689 
analytical methods, 636 
bibliography, 636 
Climax conversion practice, 633 
concentration methods, 634 
extraction of, from ores, 633 
ferromolybdenum, 635 
metallic, 635 
occurrence of, 632 
uses of, 635 
Molybdic acid, 634 
Monazite sand, 696 
Mond process, nickel, 600 
Monel metal, 610 

chemical proi>ertieH and uses of, 611 
physical properties of, 611 
Multiple refining (electrolysis), 258 
Munkicll process, Au, 337 
Muskat chlorination process, Cr, 648 
Sn, 548 

N 

NebuUum, 690 

Neodymium, 690 

Neothulium, 690 

Neoytterbium, 690 

New Caledonia ores, smelting of, 595 

New Cornelia Copper Co., 361 

New Idria furnace, llg, 481 

New Idria plant, 506 

New Jersey Zinc Co., distillation process, 466 
Newnaiu mechanical ore hearth, 185-188 
Nickel, 593 
alloys, 612, 613 
bibliography, 614 
Canadian smelting, 597 
carbonyl decomposition, 602 
carbonyl process, 605 
chlorine process for, 555, 605 
Coniston plant, 598 
dircctHsmelting to metal, 606 
effect of, on copper, 274 
electrolytic recovery, 600 
electroplating. 610 
Freeport Sulphur process, 604 
Hybinette prooess, 602 
International Nickel Co., 597 
malleable, 608 
meclianical properties, 608 
Mond process, 600 
Monel metal, 610 
ores, 593 

oxidized ore treatment, 604 
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Nickel, Port Colborne operations, 599 
properties, 607 
reduced, 006 

selective sulphetising, 605 
separation from cobalt, 589 
sintering ores, 599 
starting-sheet manufacture, 600 
sulphur-dioxide leaching, 606 
top-and-bottom smelting, 597 
Nickel-steels, 612 
Niobium, 690 

Nithack process, manganese, 574 
Nitrates, effect of, on sine deposition, 426 
Nitric acid leach for Ka, 641, 643 
Nitrogen dioxide process, Mn, 581 
Numbers, atomic, 710 

O 

Okasawa alumina process, 12 
Ore hearth, smelting lead ores in, 179 
Osmium poisoning, 705 
Osmium production, 703 
Overpelt process, sine sintering, 447 
Oxide ores, smelting of (see metals listed sepa- 
rately) 

Oxide volatilisation, 549 

Oxidised ores, nickel recovery, methods, 604 
Oxygen, effects oi, on copper, 274 
Oxygen-free copper, 274 


Port Colborne operations, nickel refining, 599 
Port Pine, Australia, lead softener, 198, 193 
Potassium, explosive compound of, 81 
metallurgy, 81 
occurrence, 80 
Praseodymium, 690 
Precipitants, for gold, aluminum, 326 
carbon, 329 
sodium amalgam, 326 
sodium sulphide, 329 
sine, 326 
sine dust, 327 
sine shaving, 327 

Precipitation, of copper, by electrolysis, 356 
of gold, by electrolysis, 325 
with hydrogen sulphide, 359 
with iron, 358 
with sulphur dioxide, 359 
Pulp, water and solids in, 343 
Pulp formulas, 341 
Puriffcation, Cu electrolyte, 267 

Zn electrolyte, 402 \ 

Pyrite smelting, 235 ' 

Q 

Quicksilver («ec Mercury) 

R 


P 

Pachuca tank, 396 
Paos aUoys, 27 

Pan-amadgamation process, 525, 530 
Parkes process, Pb, 201, 209-211 
Parting, 275 

sulphuric acid, 276 
Patera process, 337, 519 
Patio process, 517, 525 
Fattinson process, 210, 215 
Pedersen process, alumina, 11 
Peniakoff method, alumina, 10 
Perosa process, beryllium, 71 
Pidgeon process, sodium in, 75, 81 
Pinchi Lake, B. C., quicksilver plant, 508 
Pitchblende, treatment of, 640 
Plant cost, electrolytic sine, 434 
quicksilver, 504 
Plating chromium, 563 
nickel, 610 

Platinum concentrates, treatment of, 701 
Platinum and Iridium, lead separation of, 704 
melting, 704 
recovery from Au, 287 
refining, 287 

Plattner process, Au. 520, 551 
Plumbates and plumbites, 152 
Pohl4-Croasdale vdatisation process, 523, 544 
Poisoning, cyanide, 335 
mercury, 515 
osmium, 705 
ruthenium, 705 
Poling, 253, 674 
Polonium, 655 

Pope and Hahn process, Cu, 867 

The subject matter of thi 


Radioactive elements, 654 
actinium, 654 
mesothorium, 654 
polonium, 655 
radiolead, 655 
Radiolead, 655 
Radium, 637 

alkaline leach, 643 
boiling off emanation, 650 
bromide process, 646 
carnotite, 638, 641 
electroscope, 647, 652 
fusion method for, 650 
hydrochloric acid leach, 644 
lead removal, 646 
measurement of emanation, 648 
metallurgy, 637 
nature of, 639 
nitric acid leach, 641, 643 
occurrence of, 637 
pitchblende treatment, 640 
precipitation of impurities, 642, 643 
refining operations, 645 
sliming methods, 644 
sulphuric acid leach, 644 
uranium precipitation, 643 
vanadium precipitation, 643 
Rankin process, Cu, 355 
Red Devil, Alaska, quicksilver plant, 510 
Reduction process, Cu, 234 
Reed Mines, Calif., quicksilver plant, 509 
Reese River process, 340 
Refining, of antimony, 131 
of blister copper. 248 
of copper by electrolysis, 264 
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Kefining. of gold, 275 
of lead, 194 
of silver, 275 
of tin. 672, 675 

Regeneration, of copper electrolyte, 267 
of gold electrolyte, 282 
of sine electrolyte, 402 
Residual cyanide, decomposition of, 825 
Residue treatment, 440 

ash fusion, gas producer, 442 
gold residues, 277 
Waelz process, 441, 464 
sine, 438 

Retorts, for ferrosilicon Mg process, 50 
for mercury reduction, 476 
zinc, 450, 452 
charging, 456 

Reverberatory furnace, antimony, 120 
copper, 237 
lead, 177 
tin, 069 
Rhenium, 690 

Rigg method of zinc sintering, 447 
Risdon roasting practice, 389 
Roasting, antimony ores, 110 
chloridizing, 519, 557 
copper, 229 

differential, of iron and zinc, 389 

mercury ores, 476 

osidizing, 221 

radium ores, 643 

siilphate, Zn, 392 

sulphatisiiig, 605 

tin, 664 

Roast-reaction process, 178 
Roitzheim-Remy furnace, zinc, 465 
Roscoelite, 616 
Rossie air-eooled hearth, 185 
Rotary furnaces, Hg, 488 
Rubidium, 690 
metallurgy, 85 
occurrence, 85 

production, prices, and uses, 85 
Russell process, Ag, 338 
Ruthenium, fumes, 705 
iridium separation, 703 
Ryerson process, manganese, 581 

S 

St. Joseph Iiead Co., zinc process, 467 

Samarium, 690 

Sand and slime defined, 315 

Sardinia (Cortis Rosas), antimony smelting, 115 

Scandium, 691 

Schlippenbach roaster, zinc, 447 
Scleron (alloy), 84 
Scotch ore hearth, 184 
Scott shelf furnace, 482 
Sea water, gold in. 296 
magnesia from, 47 
Segregation process, 543 
Selective sulphatizing, 605 
Selenium, 691 

Series system of electrolysis, 261 


Sorpek prooew, laumina. 18 
Keiuing tanks, Hg, 499 
Shaker feeder, 487 
Shapeleya process, tungsten, 627 
Side hill retorts, Hg, 479 
Siemens and Halske process, Cu, 354 
Silicates (slags) defined, 228 
Silicon, effects of, on copper, 274 
Silumin, 27 

Silver, amalgamation processes, 339 
brine leaching, 630 
bullion refining. 279 
effect of, on copper, 274 
manganese-silver ore treatment, 635, 677 
Moebius process, 279 
precipitating from sulphate solutions, 277 
pure, 291 
refining, 279 

Simpson process, Ni, 606 

Sintered nickel oxide, 599 

Sintering zinc ore, 447 

Slag, spelter direct from, 468 

Slag-fuming recovery of zinc, 406, 442, 464, 468 

Slater process, 522 

Slime treatment, copper, 220, 269, 378 
furnace, 224 
lead, 374 
tin, 225 

Sliming methods, Ra ores, 644 
Smelting (see Blast furnace; Ore hearth. Rever- 
beratory furnace; Retorts; also metals listed 
separately) 

Sodium. 75 
alloys of, 79 
metallurgy, 75, 81 
occurrence, 74 
in Pidgeon process, 75 
prices, 79 
production, 79 
uses, 82 

in zinc electrolytes, 426 
Softening lead, 194 
Coloord process, 197 
dross from, 208 
furnaces for, 193 
Harris process, 197 
Soldering alloys, 38 
Solution purification, copper, 267 
gold, 282 
zinc refining, 402 

(See also Hydrometallurgy of copper) 
Solvents, for copper in ore, 350 
Boot machines, 500 
Specifications, pig lead, 145 
Spelter from slag. 468 

(See also Pyrometallurgy of zinc) 

Sperry electrolytic process, white lead, 150 
Split-draft roasting, 387 
Stack lines and stacks, Hg, 499 
Stainless steels, 560 
Starring of antimony, 124, 132 
Starting sheet maniifaoture, Cu, 258 
Ni, 600 
Pb, 377 


Steels, chromium, 558 
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Steels, nickel, 612 
stainless, 560 
Stellite, 658 
Btetefeld process, 541 
Straight line molding machine, Pb, 200 
Stripping equipment, Zn, 418 
Strontium, 93 

metallurgy, electrolytic, 93 
thermal, 93 

production and prices of, 93 
uses of, 93 

Sublimed wtxite lead, 151 
Subsilicatcs (slags), defined, 228 
Sulphate roasting, 222, 338, 392, 406, 605 
Sulphate solution, recovery of silver from, 277 
Sulphatizing, selective, 605 

Sulphide ores, roasting and smelting (««« metals 
listed separately) 

Suli>hide*sulphato-oxide reactions, Pb, 152 
Sulphur, efieois of, on copi>er, 274 
Sulphur Bank (Calif.) quicksilver plant, 509 
Sulphur dichloride as chloridizer, 548 
Sulphur dioxide leaching, 606 
Sulphuric-acid leaching (see metals listed sepa- 
rately) 

Sulphuric-acid parting, 276 
Sumitomo alumina process, 12 
Sutton Steele & Steele tables, 136 
Suzuki process, alumina, 12 
Sweeps, jewelry, 226 
Swinburne-Ashcroft process, 522 
Sydvitc, flotation of, 81 

T 

Tainton anode, 412 

oxide volatilization, 550 
zinc process, 380 
Tanaka alumina process, 12 
Tank-room notes, Cu, 258-269 
Pb. 374-380 
Zn, 429 

Tanks, electrolytic, arrangement of, 259, 260 
gold hydrometallurgy, 322 
mercury settling, 499 
zinc, 409 
Tantalum. 694 
Tellurium, 695 

Temperature, Roasting, Zn, 389 
Terbium, 696 

Tetroxide of antimony, preparation, 1 10 
Thallium, 696 
Thede process, Zn, 472 
Thorium, 696 

concentration methods, 698 
metallic, 698 
metallurgy. 697 
uses Of, 699 

Three>xone hearth furnace, Hg, 491 
Thulium, 699 
Timonox, 107. 119 
Tin, 656 
alloys, 657 

analyses of principal brands, 661 
assay methods, 675 
bibUography. 679 


Tin, Caveat process, 547 
chemical properties of, 656 
chloridizing roast, 665 
consumption, 659 
electrolytic refining, 675 
flotation of ores, 666 
grades of, 659 
leaching impurities, 665 
mining, 662 
occurrence, 657 

ore preparation, summary, 666 
physical properties of, 656 
prices, 662 
refining, 672, 675 
roasting ores, 004 
slag smelting, 671 
sn.tdting, 667, 669 
world’s production of, 658 
Titanium, 699 
Tone process, alumina, 14 
Top-and-bottom smelting, 597 
Trollhttttan process, Zn, 465 
Tungsten, 623 

analytical methods for, 630 
bibliography, 636 
concentration methods, 626 
extraction from the ores, 624 
ferrotungsten, 628 
melallic tungsum, 626 
occurrence, 623 
tungsten carbide, 629 
uses of, 029 

Turkey, Djinli Kaya mine, 135 
U 

Uranium, 620 

analytical methods, 623 
concentration methods, 621 
extraction from the ores, 621 
ferrouranium, 622 
metallic uranium, C22 
occurrence, 620 
prccii)itation of, 643 
recovery of. from 11 a ores, 644 
uses of, 622 
Usher process, 335 

V 

Vadner process, manganese, 574 
Vanadium. 615 

analytical methods for, 620 
bibliography 
extraction, 616, 644 
metallic, 618 
occurrence, 615 
ores, 616 

precipitation, 043 

recovery of, from uranium ores. 644 
roBcoelite, 616 
uses of, 619 

Vermaes treatment of Mn-Ag ores, 577 
Vertical- wheel casting machine, 201 
Victoriura, 700 

Volatilization processes for aluminum oliloride 
550. 654 
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VoLatilisation processes for aluminum chloride, 
tor antimony, 112, 114 
for chlorine, 544 
Voltage in sine electrolysis, 420 

W 

Waels process, 441, 464, 550 
Washer gas. Long Deeley, 467 
Washoe process, 339 
Weaton-Najarian zinc condenser, 467 
Wedge furnace, Zn. 384, 385 
Weldon chlorine process, 572, 573, 575 
Wescott process, Ni, 605 
WestUng process, manganese, 576 
Wet chlorine-gas processes, 551 
Wet methods for slime treatment, 225 
Wetherill process, Zn, 462 
White gold, 290 

Wilkins Poland protiess, Zn, 468 
Wilru’s alloys (Al), 26 
Wiluna gold mine, Australia, 135 
Wohlwill process, Au, 282 
Workmen in tank rooms, care of, 419 

Y 

Y-alloys (Al) 27 
Ytterherium, 700 
Yttrium, 700 

Z 


Ziervogel process, 338 
Zinc, 444 


Zinc, burning, 461 
cathode impurities, 427 
charging retorts, 466 
coal consumption, 454 
concentrate roasting, 393 
condensation, 455 
continuous distillation, 466 
distillation, 449, 465 
drying concentrates, 445 
dust collecting, 448 
fuming, 442, 461, 464, 468 
furnace types, 450 
furnace for zinc crust, 218 
metal drawing, 458 
N. J. Zinc Co., process, 466 
plant layout, 451 
reductitm in retorts, 455 
refining, 460 
retort charging, 456 
retort residue, 459 
retorts, 450 
roasting, 445, 447 
St. Joseph Lead process, 467 
sintering ore, 447 
slag fuming, 442, 464, 468 
Trollhattan piocess, 465 
Waclz process, 441, 464 
Wetherill process, 462 
(iS«€ (dm Electrolytic zinc) 
Zinc crust, furnace for, 218 
treatment of, 208, 216 
Zinc dust, 432, 433, 458, 401 
as precipitant, 328, 403 
Zireonia crucibles, 325 
Zirconium, 699, 670 
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